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ABSTRACT

Interacting few-body systems are the fundamental building blocks of many-
body theories. Few-body physics is exciting by itself and, importantly,
it often benefits our understanding of many-body physics as well. The
latter is challenging to solve numerically owing to the exponential scaling
of the Hilbert space dimension with increasing number of particles. For
that reason, certain approximations need to be made and effective models
are obtained. However, the validity of these models is usually limited to
weak interactions. In contrast, few-body problems are tractable to head-on
numerical approaches at any strength of interactions, and in certain cases
even allow for analytical solutions.

In this regard, we explore the few-body physics of a binary mixture sub-
ject to a species-selective confinement with a special emphasis on impurity
physics. Impurities can significantly modify their environment and can be
used as a sensitive probe of intrinsic properties of the host medium. The
actual impact of inter-particle interactions is very sensitive to the shape of
external potentials. We pay particular attention to account for inter-particle
correlations by using the state-of-the-art numerical technique, the multi-
layer multi-configuration time-dependent Hartree method. We classify the
ground states in different parameter spaces, which serves as a starting point
for subsequent analysis of the system’s breathing dynamics. The correspond-
ing collective excitations are being used in modern cold-atom experiments
for diagnostics of single-species condensates and we want to check their
utility for binary mixtures. We propose that our results on stationary prop-
erties and dynamics can be verified experimentally using quantum gas
microscopy, which we adapt to non-lattice trapped sparse-density systems.

The final part of the thesis is dedicated to a fundamental topic, potentially
relevant for many areas of science which deal with the matrix eigenvalue
problem. Explicitly, we aim at characterizing structural properties of eigen-
states and -energies. To this end, we employ two recent concepts from
spectral graph theory: vertex pair cospectrality and isospectral reduction.
The former concept imposes local parity on eigenvectors, even in absence of
pair exchange symmetries. We reveal that the corresponding eigenvectors
have additional structure beyond parity, which can be inferred by analysing
the powers of a graph’s matrix. The latter concept is a spectrum-preserving
decimation procedure to reduce the graph size to a certain subsystem. The
reduced graph might feature additional symmetries, which are absent in
the unreduced version and for that reason are called latent. We show that a
certain class of spectral degeneracies can be explained by latent symmetries
of a graph.






ZUSAMMENFASSUNG

Wechselwirkende Wenigteilchensysteme sind die grundlegenden Bausteine
von Vielteilchentheorien. Die Physik von wenigen Teilchen ist an sich schon
sehr spannend und, was noch bedeutender ist, sie tragt oft auch zu einem
besseren Verstandnis von Vielteilchenphysik bei. Letztere ist numerisch
schwer zugénglich, da die Dimension des Hilbert-Raums mit zunehmender
Teilchenzahl exponentiell ansteigt. Aus diesem Grund miissen bestimmte
Néaherungen vorgenommen werden, um effektiven Modelle abzuleiten. Die
Giltigkeit dieser Modelle ist jedoch in der Regel auf schwache Wechselwir-
kungen beschrankt. Im Gegensatz dazu sind Wenigteilchenprobleme bei
beliebiger Stiarke der Wechselwirkungen mit numerischen Ansitzen losbar.
In bestimmten Fillen sind sogar analytische Formulierungen moglich.

In diesem Zusammenhang untersuchen wir die Wenigteilchenphysik
einer bindren Mixtur, die in einer komponenten-abhéngigen Falle gefan-
gen ist, mit besonderem Schwerpunkt auf der Physik der Fremdatome.
Fremdatome konnen ihre Umgebung erheblich beeinflussen und dienen
als empfindliche Sonde fiir intrinsische Eigenschaften des umgebenden
Mediums. Die tatsdachliche Auswirkung der Wechselwirkungen zwischen
den Teilchen ist sehr von der Form der externen Falle abhédngig. Besonderes
Augenmerk legen wir auf die Charakterisierung der Auswirkungen von Kor-
relationen, indem wir eine state-of-the-art numerische Methode verwenden,
die Multi-Layer Multi-Configuration Time-Dependent Hartree Method for
Mixtures. Wir klassifizieren die Grundzustdnde in verschiedenen Parame-
terrdumen, die anschlieffend als Ausgangspunkt fiir die Atmungsdynamik
dienen. Die entsprechenden kollektiven Anregungen werden in modernen
Kaltatomexperimenten zur Diagnose von aus einer Komponente beste-
henden Kondensaten verwendet, und wir wollen ihren Nutzen fiir binire
Mischungen tiberpriifen. Wir schlagen vor, dass unsere Ergebnisse zu sta-
tiondren Eigenschaften und zur Dynamik experimentell unter Verwendung
der Quantengasmikroskopie verifiziert werden konnen, die wir an nicht
gittergebundene Systeme mit geringer Dichte anpassen.

Im letzten Teil der Arbeit widmen wir uns einem grundlegenden Thema
von potentieller Relevanz fiir viele Bereiche der Naturwissenschaften, die
sich mit dem Matrixeigenwertproblem beschaftigen. Explizit geht es um
die Charakterisierung der strukturellen Eigenschaften von Eigenzustdnden
und -energien. Zu diesem Zweck verwenden wir zwei neue Konzepte aus
der spektralen Graphentheorie: Vertexpaar-Kospektralitdt und isospektrale
Reduktion. Das erste Konzept erzwingt eine lokale Paritdt der Eigenvekto-
ren, auch wenn es keine Austauschsymmetrien gibt. Wir zeigen, dass die
entsprechenden Eigenvektoren eine zusétzliche Struktur iiber die Paritat
hinaus aufweisen. Diese ldsst sich aus der Analyse der Potenzen einer
Matrix ableiten. Das zweite Konzept ist ein spektrumerhaltendes Reduzie-
rungsverfahren um die Grofie eines Graphen auf ein bestimmtes Teilsystem
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zu reduzieren. Der reduzierte Graph kann zuséitzliche Symmetrien auf-
weisen, die in der originalen Version nicht vorhanden sind und deshalb
als latent bezeichnet werden. Wir zeigen, dass eine bestimmte Klasse von
spektralen Entartungen durch latente Symmetrien eines Graphen erklart

werden kann.
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ROADMAP OF THIS THESIS

In this thesis, our goal is to investigate few-body phenomena and interaction-
induced correlation effects in a few-body binary mixture of bosons experi-
encing a species-selective inhomogeneous one-dimensional trap. Our works
can be categorized in four topics: i) characterization and classification of
ground states; ii) study of breathing dynamics; iii) quantum gas microscopy
of trapped few-body systems and iv) recent insights from spectral graph the-
ory contributing to a better understanding of matrix eigenvalue problems.
The thesis is structured as follows.

In Chapter 2, we introduce our physical system. To characterize its station-
ary and dynamical properties, we use the multi-layer multi-configuration
Hartree method. It is an ab-initio variational approach to simulate many-
body dynamics in the weak-to-intermediate correlation regimes. The ground
state can be obtained by imaginary time propagation, one can treat particles
of mixed statistics and it has a rich toolbox of state analysis. Details of the
method are discussed in Chapter 3.

In Chapter 4, we investigate stationary properties of our mixture. Identify-
ing distinct regimes of a physical system is an important first step towards
developing a deeper understanding of its intrinsic attributes and dynamical
behaviour. In [MP1], our objective is to obtain and analyse the low-energy
spectrum of a miniature problem with non-trivial particle statistics, the
2+2 mixture in a harmonic trap. We solve it by exact diagonalization in
a relative-coordinates frame to define a correlation-tailored basis which
greatly facilitates the method’s convergence. Furthermore, the alternative
frame reveals additional symmetries otherwise hidden in the laboratory
frame. In [MP3], we explore the miscible-immiscible phase boundary. In
particular, we quantify to which extent the conventional separation crite-
rion for homogenous systems is violated by trap inhomogeneity, particle
number imbalance and interaction-induced correlations. We evidence sev-
eral possibilities for the two components to separate and provide a simple
criterion to determine which configuration is energetically more favourable.
In [MP4], we study ground states for a different trap combination, namely
a lattice-trapped medium coupled to a free impurity. We identify parameter
regions where the interplay between trap geometry and interactions leads
to substantial perturbations with a sizeable amount of entanglement.

In Chapter 5, we use the above ground states as initial states for subse-
quent breathing dynamics. The system is set in motion by quenching the
harmonic trap frequency. The ensuing dynamics is monitored by recording
the time evolution of the reduced one-particle density. The breathing oscil-
lations of a single-species condensate are known to display a two-frequency
beating: one frequency is constant while the other interaction-sensitive and
serves as a valuable diagnostics tool in experiments. Our goal is to verify
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whether the utility of breathing excitations can be extended to binary mix-
tures. In [MP1], for a 2+2 mixture we identify three interaction-sensitive fre-
quencies. It matches the number of interaction parameters, and we analyse
the amplitudes of individual excitations across different interaction regions.
In a follow-up work [MP2], we extend our studies to a particle-imbalanced
case. We find that a species-asymmetric quench protocol allows to excite
an additional beyond-mean-field mode whose amplitude is particularly
sensitive to the amount of deposited entanglement.

In [MP1-MP4], the reduced one- and two-particle densities are crucial
quantities to classify ground-state regimes, record the dynamical response
and access the expectation value of many relevant observables. Naturally,
we were concerned whether our results could be verified experimentally,
which is the subject of Chapter 6. For this we would require single-atom
sensitivity to access inter-particle correlations and high spatial resolution
to resolve variations in position space. The recent invention of a pinning
lattice combined with fluorescence imaging, the so-called quantum gas mi-
croscope, fulfils these two requirements and is readily available in modern
laboratories. However, so far they have been utilized primarily in lattice-
trapped systems. In [MP5], we propose to extend this concept to non-lattice
trapped atoms. The idea is to bypass the limitations of lattice constant reso-
lution by shifting the relative position of the pinning lattice potential. The
imaging process is mapped to a convolution of the reduced density with
an imaging filter, which we call the quantum point spread function. The re-
sulting distortions can be partially removed by a machine-learning-assisted
deconvolution procedure.

In Chapter 7, we zoom out from the field of ultracold atoms and concern
ourselves with a fundamentally broad topic of practical significance for
many areas of science dealing with the matrix eigenvalue problem. Our
ideas are rooted in recent developments in spectral graph theory. Symme-
tries are known to simplify the numerical treatment of eigenvalue problems
by imposing restrictions on the structure of eigenvectors. Strikingly, eigen-
vectors might have an elegant structure even in the absence of conventional
symmetries, such as local parity on two eigenvector components, a phe-
nomenon called vertex pair cospectrality. In [MP6], we identify further
relations among components of an eigenvector by analysing the powers of
the corresponding matrix. This work provides a theoretical framework for
generating cospectral graphs, which is a hot topic in spectral graph theory,
and it laid the foundation for a systematic construction and manipulation
of flat bands in tight-binding systems. In [MP7], we analyse symmetries of
an effective matrix obtained by a decimation procedure, called isospectral
reduction. It reduces the size of a matrix to a dedicated subsystem while
preserving the eigenvalue spectrum. Surprisingly, effective matrices can
feature symmetries, which are not present in their unreduced version and
for that reason are called latent symmetries. Importantly, they can be of
great use in explaining spectral degeneracies in a visually interpretable way.

Our published works are listed in Chapter 8. Finally, we provide a sum-
mary and discuss promising directions for future research in Chapter 9.



Part I

FEW-BODY PHYSICS WITH MIXTURES OF
ULTRACOLD ATOMS






FEW-BODY TRAPPED BOSONIC MIXTURE

Many-body systems [1] are challenging to solve. An analytical treatment is
only possible for a fraction of problems or in some limiting cases. There exist
effective models and perturbative expansions, but their validity is limited
to weak or strong interactions and extensions are thus highly desirable. In
particular, the regime of intermediate interactions is not yet fully understood.
While it is amenable to numerical techniques, the exponential growth of the
Hilbert space dimension with an increasing number of particles represents
a major bottleneck which restricts their use to few-body systems, comprised
of up to tens or hundreds of particles.

The microscopic physics of a few interacting particles [2] serves as a
major building block of many-body theories. Physical insights gained by
analysing few-body systems are indeed very useful to improve our current
understanding of many-body physics [3—7]. However, even though few-
body phenomena play an important role in large ensembles of particles,
many-body systems may display quite different physical properties. One
way to better understand these discrepancies and how they come to be is
by studying the few- to many-body transition.

The field of ultracold atoms [8] is an ideal platform to systematically
pursue this bottom-up approach. Since the first experimental realization
of Bose-Einstein condensate (BEC) in dilute alkali gases in 1995 [9, 10],
significant progress has been achieved in the manipulation of ultracold
samples. Nowadays, the state-of-art experiments are able to:

¢ dynamically tailor the trapping geometry, including the effective
dimensionality, by employing holographic optical tweezers with a
spatial light modulator or acousto-optic deflectors [11, 12];

* tune the interactions via Fano-Feshbach resonances [13] by varying
an external magnetic field;

* prepare multi-component systems of bosons and/or fermions by
utilizing different hyperfine states or isotopes of the same element,
even combining distinct elements;

* select a designated number of particles with a high fidelity [14-19];

e detect single atoms [20, 21] and perform high-resolution imaging
of the particles” distribution with a quantum gas microscope (QGM)

[22—27].

Note that the degree of flexibility depends on the chosen elements. Owing
to this exquisite control over system parameters, ultracold atoms have been
used over the past two decades as quantum simulators of condensed matter
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and high energy physics [28]. Typical models, such as Heisenberg or Hub-
bard models, can be prepared and investigated in a well-controlled environ-
ment. In recent years, the research focus has increasingly expanded towards
real-world applications in quantum computing, information processing and
quantum metrology. From the above, it is undoubtedly a promising route to
explore the physics of mesoscopic systems, increasing the complexity one
particle at a time.

How does one actually prepare a few-body system in modern labora-
tories? One can distribute the particles uniformly over a shallow lattice
(superfluid regime) and then suppress the inter-well tunnelling by a non-
adiabatic increase of the lattice depth (Mott regime), thus freezing the
instantaneous particle distribution at each lattice site [29]. One ends up
with many independent realizations of a few-body system with an aver-
age statistics of a few particles per lattice site. The so-called super-lattice
allows to manipulate simultaneously the shape of every well by varying
the relative phase between the underlying sub-lattices [30]. Furthermore,
a targeted redistribution of particles among wells has been demonstrated
[31, 32]. Alternatively, an optical tweezer can be loaded with either an al-
ready pre-cooled few-body sample [33] or a thermal macroscopic ensemble,
subsequently reduced to a few particles by tilting the trapping potential
allowing the hot atoms to escape (evaporative cooling) [34]. For fermions,
the above spilling mechanism allows for a full control of system’s quantum
state owing to the Pauli’s exclusion principle [14-19].

A few-body system is characterized by a sparse particle density. Strikingly
and counter-intuitively, in quasi-one-dimensional (1D) trapping geometries,
realized by a strong transverse confinement, a lower density implies stronger
interactions in contrast to higher dimensions [35]. It comes as no surprise
that in recent years the physics of 1D ultracold atoms has triggered a lot
of fundamental research interest [36—38]. By now it is recognized that cor-
relations are largely enhanced in 1D, such that sophisticated numerical
techniques are necessary for an accurate characterization of system prop-
erties, such as the multi-layer multi-configuration time-dependent Hartree
method for mixtures of bosons and fermions (ML-MCTDH-X) [39—41] for con-
tinuous traps or the density matrix renormalization group (DMRG) [42—44]
for discrete lattices.

Correlations acquire an additional flavour in binary mixtures of bosons,
fermions and mixed particle statistics [38, 45, 46]. One differentiates among
intra- and inter-component correlations. The former are primarily affected
by species-internal parameters, such as intra-component interactions and
external traps. When distinguishable particles become coupled, they pro-
duce an induced potential for each other, and there is a build-up of inter-
component correlations caused by the entanglement [47]. It has a direct
consequence for the internal structure of each component and standard intu-
ition is often insufficient to predict how the two types of correlations affect
each other. As a result of this complex interrelation, binary mixtures exhibit
a rich set of spatial configurations such as bound clusters and segregated
interfaces [38, 46].
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In this thesis, we explore the domain of sizeable inter-particle correlations
for a few-body two-component mixture of ultracold bosons confined to
a 1D geometry. A special emphasis is put on particle number imbalance,
especially impurity problems as well as the inhomogeneity and species-
selectivity of the external trap. Impurity physics is a hot topic linked to
the polaron problem in condensed matter physics [48]. A highly particle-
imbalanced mixture with a BEC background, termed the Bose polaron
[49], can be mapped to a well-known Frohlich model [50]: the electron is
replaced by an impurity atom, while the role of phonons is played by the
Bogoliubov excitations of the condensate. As opposed to solid state physics,
the platform of ultracold atoms allows to examine the polaron phenomenon
with exquisite control over system parameters, e.g., the coupling can be set
to arbitrary values by Feshbach [13] or confinement induced resonances [51—
54]. In particular, one can explore physical phenomena emerging beyond
the validity of the weak-coupling Frohlich paradigm [55-57]. The trap inho-
mogeneity strongly affects the intra-component correlations and quantizes
the energy spectrum making continuum-based approaches quantitatively
unreliable. The species-selective shaping of the external trap allows for a
flexible way to manipulate the overlap region among the two components,
which has a sizeable impact on the amount of entanglement the composite
system may hold.

Formally, we consider a mixture of two components (species), denoted A
and B. Each component o € {A, B}, also called species, consists of N, bosons
of equal mass m, which can be experimentally realized by two different
hyperfine states [58—67]. The particles are confined to a quasi-i1D geometry
[14-19, 68—71] by a tight harmonic trap in two spatial (transverse) directions
and experience a species-selective trapping potential V;(x) [72, 73] along
the remaining (longitudinal) direction. We operate in the limit of zero tem-
perature, where particle interactions are completely determined by a single
parameter, the s-wave scattering length a; [74]. When the range of interac-
tion is small compared to the inter-particle distance, as is the case for dilute
quantum gases, one can replace the true potential by a mathematically
convenient model potential [75]. A common choice is the zero-range contact
potential gé(r) [76] with g the interaction strength and r the inter-particle
distance. We distinguish between intra-component and inter-component
interactions of strength g, and gp, respectively. Experimentally, they can
be tuned independently by a combination of Feshbach [13] and confine-
ment induced resonances (CIR) [51-54]. Thus, we arrive at the following
Hamiltonian:

H =) H,+ Hus, (2.1)
g
Ny hZ Ny
Hy=)_ —%Bif + Vo(x7) | + 80 ) 0(x7 — x7), (2.2)
i=1 i<j

ks g
Hap=gap )Y o(xf' —x7), (2.3)

i=1j=1
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where 7 is the Planck constant and x{ the position of the i-th particle from
component ¢. We consider two distinct parabolic traps with a frequency
ratio 7 in [MP1-MP3] while in [MP4] we combine a five-well trap with
a box potential. Furthermore, we focus on particle-imbalanced mixtures,
where A is the majority and B the impurity species.



THEORETICAL DESCRIPTION OF BINARY MIXTURES

This chapter introduces numerical methods for solving the initial value
problem ifd; [¥(t)) = H[¥(t)) for a trapped few-body Bose-Bose mix-
ture described by Eq. (2.1). The reduced dimensionality greatly enhances
interaction-induced correlations [36, 37], further complicated by the shape
of an external confinement [77]. Moreover, a binary mixture harbours two
different types of correlations, the intra- and inter-component ones. Under-
standing their interplay is an exciting yet challenging task [47]. We aim at
an accurate description of stationary properties and dynamics by taking all
the relevant correlations into account. In particular, we want to extract the
impact of correlations by comparing converged simulations to mean-field
results. Unfortunately, sizeable correlations come with a great computa-
tional cost. The exponential scaling of the Hilbert space dimension with
increasing number of particles limits our analysis to few-body system sizes.
Nevertheless, such systems are experimentally accessible [14-19, 29-34],
exhibit many exciting phenomena [2, 46], such as the Efimov effect [6],
and provide valuable physical insights which might improve our current
understanding of the many-body systems [3-5, 7].

In the following, we first discuss two well-established techniques for
solving the time-dependent Schrodinger equation: exact diagonalization in
Section 3.1 and expansion w.r. t. time-independent basis in Section 3.2. We
emphasize the sensitivity of such approaches to a particular choice of basis
functions and their inflexibility to describe a time-evolving subspace of the
complete Hilbert space. This brings us to the family of Hartree methods
which are based on an adaptive time-dependent basis. In Section 3.3 we
describe why these methods have been so successful over the past years. We
open our overview with the ‘grandparent’, the mean-field Hartree-Fock (HF),
in Section 3.3.1. Of particular relevance for the field of ultracold atoms is
the Gross-Pitaevskii equation (GPE), a mean-field ansatz to describe weakly
correlated bosons. Then in Section 3.3.2 we discuss the descendants of HF:
the multi-configuration and the multi-layer extensions. The former takes
into account interaction-induced correlations while the latter represents an
efficient way to describe mixtures of indistinguishable particles. The wave
function expansion is given explicitly for the bosonic mixture studied in
this work. We conclude this chapter in Section 3.3.3 with a discussion on
the scaling properties of our method and elaborate on the significance of
reduced density operators for evaluating the accuracy of simulations as
well as for describing physical properties of our system [MP1-MP5].

Before we start, let us briefly comment that there are many other sophis-
ticated methods available, such as the quantum monte carlo (QMC) [78, 79]
and the density matrix renormalization group (DMRG) [42—44], particularly
successful for the description of 1D continuous and lattice systems with
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short range interactions [36]. However, we do not aim at comparing these
methods to ours in terms of efficiency or interpretability. In this thesis, we
concentrate exclusively on physical aspects of a bosonic mixture.

3.1 EXACT DIAGONALIZATION

Solving [¥(t)) = e~ 78! |¥(0)) with a time-independent Hamiltonian H is
equivalent to solving the underlying eigenvalue problem H |E;) = Ej |E;).
Once the eigenstates and the eigenenergies of H are known, the initial
population of eigenstates ¢y = (E¢[¥(0)) can be evaluated and the state
evolution is given simply by |¥(t)) = Y cxe 7B |E;). Such an approach
was employed for a weakly perturbed ground state in our work [MP1].
The eigenstates |E;) and corresponding eigenenergies Ej can be obtained
by representing I as a matrix in some truncated user-defined basis and
diagonalizing it. This is an approximate method. The exact diagonalization
refers to the situation when the basis size is sufficiently large to consider
the eigenenergies of interest to be converged.

How does one choose a suitable basis for a many-body wave function?
The one particle Hilbert space # is spanned by so-called single-particle
functions (sPFs) {|¢;)}. The Hilbert space of N particles is spanned by a
tensor product of individual one particle Hilbert spaces, i.e., HN = QN H,.
Consequently, the many-body state can be expanded as follows:

S1...SN

|¥) = Z Cirojn [@7) - |@jy) - (3.1)
J1-+]N
In principle, any two particles may have distinct SPFs and the total num-
ber of SPFs may also differ. For simplicity, we assume a single set for all
particles and just control the set size s, which affects the accuracy of our
representation.
In case the particles are indistinguishable, such as bosons or fermions, only
a subspace of the above N-body Hilbert space matters. Moreover, the set of
SPFs needs to be the same for every particle. An additional symmetrization
S€ is necessary, such that the many-body wave function becomes symmetric
(for bosons € = +1) or antisymmetric (for fermions € = —1) w.r.t. an ex-
change of any two particles. The operator 5§ = \/% Yresy 8" P, when
acting on a single product state, creates a superposition of all possible (N!)
particle permutations’. The factor €%8"(7) is relevant only for fermions and
gives the parity of a permutation 71. A properly symmetrized and subse-
quently renormalized product state is termed a Fock state or a number state
|n1,...,ns) = |ii) encoding the distribution of particles over an orthonormal
set of sPFs and fulfilling }; n; = N. Consequently, the many-body wave
function of bosons or fermions needs to be expanded as follows:

[¥) =} cali). (3-2)
i
Sy is the symmetric group over a set X = {1,...,N}, m: X — X a re-indexing of particle

labels and P, the corresponding permutation matrix.



3.2 TIME-INDEPENDENT BASIS FOR INITIAL VALUE PROBLEMS

In case of dealing with K different flavours of indistinguishable particles
the basis becomes a tensor product of Fock states:

)= Y i aw |[AD) LAY =Y e i) (3.3)

Note that for K = N Eq. (3.3) reduces to Eq. (3.1) and for K = 1 it reduces to
Eq. (3.2). In the following, we employ the notation |7i) to denote the basis of
the most general case from Eq. (3.3), i. e., a tensor product of distinguishable
Fock states.

The Hamilton matrix (#|H|i) can be now constructed and subsequently
diagonalized. This gives us expansion coefficients for each eigenstate. The
convergence is controlled by the total number s of SPFs. The Hilbert space

—1)!
for bosons and WLN)' for fermions. Importantly, since the set of SPFs is
not complete, the particular choice of basis functions strongly affects the
convergence. Clearly, it is an impossible task to guess the best performing
set of SPFs in a general setting. In most cases it is physically motivated,
e.g., by solving the problem of non-interacting particles, which is a set of
independent one-body problems.

Typically, systems of around four particles are treated with this method
[80-83], though it highly depends on the degree of inter-particle correlations
induced by interactions. A coordinate transformation to a relative frame
¥ — 7 might turn out useful. In particular, it changes the meaning of
correlations: the relative coordinates r; play now the role of “particles’ [MP1].
The relative frame basis may easily account for major correlations of the
laboratory frame and vice versa [84].

dimension grows exponentially as sV for distinguishable particles,

3.2 TIME-INDEPENDENT BASIS FOR INITIAL VALUE PROBLEMS

Another somewhat similar way to solve the initial value problem is to use
an a priori fixed number state basis with time-dependent coefficients, thus
skipping the calculation of eigenstates outlined in the previous section:

(¥ (1)) = Ycalt) |7i). (3-4)

By applying any of the equivalent time-dependent variational principles (La-
grangian, McLachlan or Dirac-Frenkel) [85], one arrives at a set of coupled
time-differential equations for the coefficients ¢y (t).

As opposed to the exact diagonalization, this method can deal with
time-dependent Hamilton operators, though it also suffers from the rep-
resentation problem. To explain why, let us introduce the notion of an
active Hilbert space (Fig. 3.1). It is a hyperplane of a finite and, generally,
time-dependent dimension d(t) encapsulated within the complete Hilbert
space. Clearly, at any point in time it can be represented by d(t) appropri-
ately chosen basis vectors. Now, as the time evolves, the active space may
rotate within the Hilbert space traversing from one subspace to another.
Meanwhile, the active space dimension may even grow or shrink, though

11
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> 1

Figure 3.1: Illustration of an active space. Assume a three-dimensional Hilbert
space spanned by a time-independent basis {¢y, &, € }. Suppose a quan-
tum system (represented by a bug) undergoes a dynamical evolution
on a two-dimensional hyperplane (active space indicated by a magenta
colour). The hyperplane may look different at different times, such that
all basis vectors are required to describe the full time evolution. An
adaptive time-dependent basis composed of two vectors {¢}, ¢, } allows
for a sparser representation of the ongoing dynamics.

it is bounded by dmax = max; d(t) for a finite time interval t € [0, T]. A
time-independent basis can be optimized only once, e. g., for the initial state,
i.e., it is properly rotated and truncated at a dimension large enough to
incorporate the initial active space d(0). However, in general it will become
less appropriate over time. This means that a larger number of additional
SPFs will be required.

For illustrative purposes, let us provide an another example. Imagine
a wave-packet with a constant support (active space) moving along some
axis with a constant velocity. Initially, we provide a finite-size grid of points
which for a short time window perfectly resolves all the features of this wave-
packet (optimized fixed basis). At some point the wave packet will reach
the grid boundary and the theoretical description becomes inaccurate. To
simulate the long-time dynamics a large grid would be necessary, although
only a fraction of grid points are active” at any point in time [86].

01 (%5} 0 0
0 0 0 0
2 N 2 N 2 N 2 N
(%] 03 U3 U3
0 0 (o (o
t — O tl t2 t3 T

Mlustration of an active space: At t = 0 the active space has a finite
dimension d = 2. As the time goes by it grows and shrinks in dimension.
At a final time T it ends up in a subspace orthogonal to the initial one.

This poses the following question: why not use an adaptive time-dependent
basis which provides a sparse representation for the instantaneously rele-
vant subspace of the total Hilbert space?
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3.3 FAMILY OF HARTREE METHODS

The idea of a time-dependent basis is actually quite old [87—9o]. It all started
with only a single adaptive basis function, the Time-Dependent HF Method.
It aimed to approximate a system of interacting fermions. The extension
to bosons and distinguishable particles is straightforward. However, it
is a mean-field method. To account for particle-induced correlations, the
basis size has to be increased admitting multiple configurations: the multi-
configuration time-dependent Hartree method (MCTDH-X)? [91—96]. Among
recent developments there is the ML-MCTDH-X [39, 40]. As the name suggests,
it can deal with multi-component mixtures of mixed particle statistics
and is thus particularly suited for several tasks addressed within this
thesis. In the following, we provide a historical viewpoint on the ideas
behind ML-MCTDH-X, introduce the terminology used in our publications
and discuss several technical aspects of the method.

3.3.1 Time-Dependent Hartree Fock

The time-dependent HF is a variational method for solving the initial value
problem ifd; [¥(t)) = H |¥(t)). It has played an important role in molecular
[97] and nuclear [98] physics for a long time providing reasonable approx-
imations whenever interaction-induced inter-particle correlations could be
considered small during the time evolution. Importantly, for indistinguish-
able particles the correlations, induced by the particle-exchange symmetry,
are fully accounted for.

The many-body wave function of N (in)distinguishable particles is as-
sumed to be a number state |7i), composed of s time-dependent SPFs |@;(t)):

¥ () = 7). (3-5)

By applying the time-dependent variational principle [85], one arrives at a
set of s coupled time-differential equations for the SPFs.

RELAXATION: If the real time evolution is replaced by an imaginary
time-evolution [99], one arrives at an upper bound for the ground state,
given that it has a finite overlap ¢y # 0 with the initial wave function:

e H¥(0)) = Y ke B Eg) = e Fof e |[Eg) + Y cke” ™ |Ei) | (3.6)
k=0 k=1

where v, = E; — Ep is the decay rate of the k-th eigenstate. Note that
the state norm decays and thus a renormalization after each time step is
required.

Originally, MCTDH was developed only for distinguishable particles [91, 92]. Later it was
extended to bosons MCTDH-B [93] and fermions MCTDH-F [94]. The abbreviation MCTDH-X
unites all three cases.

13
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SELF-CONSISTENT FIELD METHOD: HF is called a mean-field theory
[97]. To help understand why, let us change the viewpoint to the time-
independent Schrodinger equation H [¥) = E [¥). One can get an upper
bound approximation for the ground state using the Rayleigh-Ritz method
[100]. To this end, the expected energy (¥|H|¥) of the HF ansatz is mini-
mized w.r.t. SPFs. One arrives at a system of coupled non-linear differential
equations for the spFs: F[{¢;}] |¢;) = €;|¢;). Note that the one-body Fock
operator fF=H,+H, f+ Hex is non-linear. Apart from a linear term Hy, it
has an averaged potential term H,,; induced by all the other orbitals (mean-
field) and an exchange term H,, for indistinguishable particles (correlations
from particle exchange symmetry).

The HF equations are solved in a self-consistent manner using an iterative
procedure. First, an initial basis of SPFs is chosen, usually motivated by the
corresponding one-body problem of independent particles. Then a loop
follows: i) the Fock operator is represented as a matrix in the current single-
particle basis; ii) its eigenstates, obtained by diagonalization, replace the
basis used in the previous step. The loop is terminated when the variation
of energy drops below a pre-defined threshold. The mean-field potential
experienced by the particles becomes consistent with the one they produce.
Coming back to the initial value problem, the time-evolution of SPFs is
dictated in a similar way by the instantaneous mean-field and exchange
terms [98].

GROSS-PITAEVSKII EQUATION: For fermions, there is no ambiguity
regarding which number state configuration to choose: because of the Pauli
exclusion principle each particle needs a distinct SPF. For bosons, there are
many possibilities regarding the number of SPFs and the distribution of
particles among them. Which configuration will provide the best mean-field
approximation?

In the field of ultracold atoms there is a particularly famous HF ansatz for
bosons, the GPE [101-103]. At ultracold temperatures a weakly interacting
BEC is assumed to be nearly condensed [104], i. e., all particles occupy the
lowest-energy SPF of the non-interacting one-particle problem (7) ~ N.
This suggests a number state configuration with just a single orbital |77) =
|N). The variation principle gives a non-linear time-differential equation for
the one SPF |¢), which is an effective one-body problem:

hZ
mdp(x,t) = | =50+ V(x) + (N =Dlp(x. )| o(x,t).  (G7)

The last term in the parenthesis is a non-linear mean-field term caused
by the s-wave contact interaction o« J(x; — x;). Note the absence of the
exchange term, since no symmetrization is needed. For stationary solutions,
ihdi(x, t) is replaced by u¢@(x,t) with p the Lagrange multiplier which
determines the normalization of ¢(x, t). It is tempting to think of u as the
energy per particle except it double-counts the interaction energy, i. e., the
total energy is given by E = Nu — gN(N —1)/2 [ dx|p(x,t)[*.
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To account for weak perturbations of a condensate fraction the renowned
Bogoliubov approach can be used [8, 105, 106]. A suitable transformation
leads to a description in terms of non-interacting quasi-particles, called
phonons, which represent elementary excitations inside the condensate.
GPE has been quiet successful at describing the dynamics of particular
BEC excitations, such as solitons and vortices [8]. When correlations are
significant, the GPE displays often an anomalous behaviour, such as a
dynamical instability manifested through symmetry breaking [107].

For a trapped bosonic system, especially at a sizeable strength of interac-
tions, e. g., the Tonks-Girardeau (TG) gas of fermionized bosons [108, 109]
or the Mott phase in lattice systems [110, 111], the GPE ansatz is not neces-
sarily the optimal mean-field approximation. Instead, one might consider
a different number state configuration (with multiple occupied orbitals)
[112-118].

3.3.2  Multi-Layer Multi-Configuration Time-Dependent Hartree Method

The major drawback of HF is the complete ignorance of inter-particle corre-
lations induced by interactions. The advanced MCTDH-X method combines
the rigorousness of Eq. (3.4) and the flexibility of Eq. (3.5) by making both
the expansion coefficients and the basis functions time-dependent [91—96]:

(¥ (1)) = Y calt) 7). (3-8)

Now, the adaptive basis comprises many configurations which can capture
a moderate amount of interaction-induced correlations. Still, also MCTDH-X is
subject to the infamous exponential growth of the Hilbert space dimension
with the increasing number of particles sN. However, the base s of this scal-
ing can be considerably reduced [92] as compared to a time-independent
basis Eq. (3.4), i.e., much less SPFs are generally required making larger
systems numerically accessible. Thus, the quantum dynamics of mesoscopic
systems hosting N ~ O(10! — 10%) particles has been successfully demon-
strated [119-125]. An improved relaxation scheme allows to obtain the n-th
eigenstate directly, i.e., bypassing the calculation of energetically lower
eigenstates [95, 96]. This opens the possibility to analyse also the static
properties of a given system.

We finally arrive at the final relevant extension, the ML-MCTDH-X [39—41]
employed in [MP2-MP4]. The Multi-Layer (ML) concept [126] was first intro-
duced in the context of distinguishable particles. Even though a correlated
many-body wave function cannot be approximated by a single product state,
it can still be reasonably well represented as a product state of grouped
coordinates. The wave function may be thus expanded by partitioning the
physical degrees of freedom into weakly correlated groups of strongly
correlated particle coordinates. This scheme can be repeated several times
tailoring the ansatz to system-specific correlations [127]. In particular, it
allows to combine distinguishable and indistinguishable degrees of freedom.
Each group ¢ of indistinguishable particles x{ (a species) is merged into

15
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top laver:
species A species B
species laver: species
orbitals
particle layer: SPFs

primitive layer: | |xq) DVR grid [ Xxa)

Figure 3.2: The Multi-Layer structure for a two-component Bose-Bose mixture.

a single logical coordinate g, = X”. In the first step (top layer), the many-
body wave function is expanded in terms of product states for the logical
coordinates g,. Explicitly, for a mixture of two distinguishable species A
and B, the top layer expansion takes the following form:

ZAH (t) [@f' (1)) | @i (1)) (39)
ii
It is reminiscent of an MCTDH-X expansion for distinguishable particles,
except here instead of SPFs we have so-called species orbitals |®Y(t)), each
depending on many particle coordinates.
In the second step (species layer), each species orbital |®Y(t)) is expanded
according to Eq. (3.8), i. e, in terms of N,-body Fock states determined by
ss time-dependent SPFs ]qo;’(t))

[D7(t)) = ) Clul (3.10)

77| Ny
Note that expanding the wave function directly into multi-species prod-
uct states |7i) |7i%), as is done in MCTDH-XX [128-130], results in a huge
amount of coefficients. Assuming an equal number of particles N, = N
and an equal number of SPFs s, = s, the amount of expansion coefficients is

N+s—1)1)2 N+
(ﬁ) In contrast, we get only S? + 25%
layer segmentation, given in Eq. (3.9), which has a much more favourable
scaling.

Finally, in the last step (particle layer), each SPF |¢7(t)) is expanded in

terms of a time-independent spatial grid. For efficiency reasons one uses a

coefficients by the top
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discrete variable representation (DVR) basis [131, 132]. It is a comparatively
large set of sy >> s, time-independent SPFs |xy):

|97 (1)) = Y_d7a(t) |xa) - (3.11)

The DVR has two useful properties. First, each grid function is represented
in terms of analytical functions and thus admits exact expressions for one-
body operators appearing in the time-differential equations. Second, each
grid function is an eigenstate of the position operator £ and thus is highly
localized around the corresponding eigenvalue x,(xg) o d, .

COUPLED GROSS-PITAEVSKII EQUATIONS: Choosing s, = 1 (implying
S = 1) amounts to a mean-field ansatz describing a weakly interacting two-
component bosonic mixture at zero temperature [8]. The variation principle
gives a system of coupled non-linear time-differential equations for the two
SPFs |@?) and |¢®):

indy o), = [Hi* + g4 (Na = )i (x,£) + gasNapf (x, )| lo?);

inds |9®), = |HP +ga(Np — 1)of (x,£) + gasNapf' (x,8)] 9",
(3.12)

with the one-body term HY = —%8726 + Vy(x) and the reduced one-body
density pg(x,t) = |¢?(x,t)|* for the component ¢. The mean-field terms
come from the intra- and inter-component contact interactions. For sta-
tionary solutions i0; |¢”), is replaced by s |¢7), with u, the Lagrange
multiplier of o species which determines the normalization of ¢”(x, t). The
total energy is:

N,(N, —1
E= Y Netto 8PN f i (0 — gas [ e [TNop{ ().
o a

Similar to the single-component case, ji, is not a chemical potential due to
the miscounting of interaction energies.

SPECIES MEAN-FIELD: Choosing S = 1 amounts to a species mean-field
(SMF) ansatz describing a non-entangled two-component bosonic mixture.
In particular, the inter-component correlations are completely neglected.
Consequently, the particles of one component experience a mean-field
potential produced by the density of the other component. Contrarily to
coupled GPEs, the intra-component correlations are still accounted for by a
multi-configurational expansion on the species layer:

ihd; |®A(t)) = [24(1)),

Na
Ha+gapY_pr(xf,t)
i

(3-13)
iho, | OB (t)) =

Np
H +gAszf<x?,t>] @°(),
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where H, is defined as in Eq. (2.1), |®7(t)) is a species orbital from Eq. (3.10)
and pf (x, t) the reduced one-body density (defined below). Importantly, the
SMF potential can sometimes greatly modify the fragmentation level of each
component as compared to a decoupled mixture at gap = 0.

As a last remark, let us mention some recent improvements and develop-
ments for the Hartree methods.

RESTRICTED ACTIVE SPACE: Not all number state configurations |7i),
are relevant at all times judged by the magnitude of the corresponding
expansion coefficients c¢j(t). Monitoring their values during the time evo-
lution allows to reduce the number of active configurations, known as the
RAS-MCTDH [133, 134].

SECOND QUANTIZATION REPRESENTATION: ML-MCTDH-SQR [135] is
based on the second quantization formalism. The many-body wave-function
is represented by tensor products of single mode Fock spaces, i.e., F =
j |n;). The s orbitals constitute distinguishable degrees of freedom, each
spanned by a single-mode Fock space {|n)},—o,. n. This change of view-
point is particularly suited for lattice problems.

3.3.3 Convergence and Density Operators

The accuracy of simulations is controlled by the numerical parameters
{S, 50,54 }. The parameter s, determines the Hilbert space dimension, while
S and s, truncate this space to a numerically feasible dimension. More-
over, the parameter s, is primarily responsible for inter-particle correlations
within the component ¢, while S controls the level of inter-species correla-
tions.

The time-independent grid with s, SPFs sets the stage for upcoming
truncations For a two-component bosonic mixture it would amount to
]_L, N ,+Sg _11)) configurations. Considering that s, ~ O(10?) this is a huge
space.

Now we perform the first truncation by choosing s, < s, adaptive SPFs
(Ng+ss—1)!

Net(sq—=1)!
The time- mdependent grid should be dense enough to resolve spatial

variations of adaptive SPFs and large enough to account for the maximal
spatial extent of the system during the dynamical evolution. To fulfil the
above requirements, we use a harmonic DVR (high density of grid points at
the centre) with ny = 151 for parabolic external traps in [MP2, MP3] and a
sine DVR (equally spaced) with ng, = 225 for finite systems with hard-wall
boundary conditions in [MP4]. The cost we pay for the truncation are the
ng Y., 50 ~ O(10%) additional expansion coefficients for the adaptive SPFs
from Eq. (3.11).

The top layer expansion allows to further reduce the number of configu-
rations to 52 ~ O(10!). Again, the cost one has to pay for the truncation are

the Y, & —N”S" 1))

arriving at [, = configurations, which is a considerable reduction.

expansion coefficients for species orbitals from Eq. (3.10).
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The latter represents a major bottleneck for accessing bosonic mixtures
of many particles. Increasing N, should be compensated by decreasing
so to keep the number of coefficients reasonably small, meaning that less
intra-species correlations can be accounted for.

Whether a simulation has converged or not depends on the observable
under consideration. To evaluate the expectation value of a n-body observ-
able O,, a converged reduced n-body density operator p,, = Try_, [0] is
sufficient: (0,) = Tr [Onp] =Tr [Onﬁn}. A crucial evidence, that g, has
converged, is obtained by monitoring the eigenvalues 0 < m; < 1 (sorted in
descending order and fulfilling ) ; m; = 1) of its spectral decomposition

pn = Y mj[mj) (mj] (3.14)
]

as {S,s,} are incrementally increased. The eigenvalues ; (-vectors |m;)) of
a density operator are often called natural populations (orbitals). The smallest
eigenvalue serves as an important indicator for considering a simulation
as being converged on the n-body level. Usually, a value below 107 is
considered reasonably small. Additionally, natural populations have to
display an exponential decay as a function of the eigenvalue index [39]. Of
course, the above criteria is just a rule of thumb. In practice, the convergence
of any observable is carefully verified as a function of numerical parameters.
Most observables of interest are either one- or two-body operators. In
case of a two-component bosonic mixture, the crucial quantities are the
reduced one- and two-body density operators of species ¢, denoted as p{
and p9, respectively, as well as the inter-species two-body density operator

P5\B. They are defined as follows:

o (t) = Trn,—n, Trn,. [0(1)], (3.15)
3P (1) = Ten, -1 Teny 1 [0(H)], (3.16)

where ¢* # o is the opposite component. They are not only useful to
evaluate expectation values or to judge on the convergence of a simulation,
but provide also valuable physical insights. Thus, p{(x, x") = (x|p{|x’) (the
one-body density matrix) characterizes the coherence properties of compo-
nent o, while its diagonal p{(x) (the one-body density) is the probability
distribution to find a single ¢ particle at position x. The diagonal of g, in
spatial representation px(x,y) = (x,y|f2|x, y) (the two-body density matrix)
characterizes the probability distribution of measuring two particles at
different locations x and y.

ENTANGLEMENT AND FRAGMENTATION: An important measure of
inter-component correlations is contained in the reduced N,-body density
operator §7(t) = Try_. [0(t)] of species ¢ obtained by integrating out all
Nq+ particles of the other component ¢* # ¢. Importantly, p and p® share
the same set of natural populations m;. In particular, mg ~ 1, i.e., a pure
state, implies an absence of entanglement between the two components. For
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an entangled bipartite mixture, we employ the von Neumann entropy to
quantify the degree of entanglement:

Son = — ) mjlog(m;). (3.17)
]

In a similar may, one can look at the species fragmentation entropy S/, by
using natural populations of the reduced one-body density §{.



GROUND STATE CLASSIFICATION

In this chapter, we provide a brief overview of the variety of ground state
regimes which can be realized in a Bose-Bose mixture. Gaining an under-
standing of the lowest energy eigenstate as a function of tunable parameters
and classifying different regimes associated with distinct properties is an
important first step to investigate any physical system. In several of our
works [MP1, MP3, MP4], we focus on static properties of quasi-1D mixtures
with a species-dependent confinement, primarily the parabolic one. The
trap inhomogeneity is one of the major ingredients in our studies. Homo-
geneous ultracold gases can be often solved analytically via the famous
Bethe ansatz [136, 137]. However, most experimental studies rely on an
external confinement, such as a harmonic or a lattice potential. It adds an
additional complexity to the problem, such that analytical results can be
only obtained in some limiting cases. In-between these regimes a numerical
treatment becomes necessary and we employ handy methods from the
previous chapter, suitable to address such a problem.

We start our discussion with a single-component 1D Bose gas in Sec-
tion 4.1. In particular, we cover: i) the mean-field BEC regime with almost
every particle being condensed into the same lowest-energy orbital, ii) the
Thomas-Fermi (TF) many-particle limit where the condensate becomes a
mirror reflection of its external trap, iii) the strongly correlated TG gas of
impenetrable bosons which disguise themselves as fermions and iv) its en-
ergetic counterpart at attractive interactions, the highly excited metastable
super TG gas.

All of the above regimes can be also found in a 1D binary mixture of
bosons. As long as the two components are only weakly coupled they
are miscible. However, with increasing repulsion they undergo a phase
segregation, which is discussed in Section 4.2. We derive a rough estimate for
the critical coupling marking the transition in a homogeneous case. However,
its exact value and the immiscible configuration are extremely sensitive to
internal parameters of each species ¢ such as the external trap V,, mass
mg, particle number N, and intra-component interaction strength g,. We
review three segregated regimes in a harmonic trap for a species-symmetric
mixture except for different g,: i) the core-shell phase separation (PS) with
one component surrounded on both sides by the second, ii) the entangled
composite fermionization (CF) with hard-core repulsion among particles
from different components and iii) the full fermionization (FF), an analogue
of TG which can be mapped to a discrete spin chain model. At attractive
inter-component couplings, one can observe heterogeneous molecules and
realize an interesting beyond mean-field phenomenon, called quantum
droplet. Finally, we outline our own contributions in Sections 4.3 to 4.5,
where we extend and complement the existing studies on static properties
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of a Bose-Bose mixture. We pay a particular attention to species-selective
external traps and particle number imbalance.

4.1 INHOMOGENEOUS 1D BOSE GAS

When there is no coupling between the components in Eq. (2.1),1.e., gap = 0,
each component can be solved separately. Let us briefly recapitulate some
relevant regimes which can be found in a single-component 1D Bose gas: BEC,
TF, TG and super Tonks. We assume that the gas is at zero temperature, has
a finite number of particles N, the transverse motion is frozen out and the
longitudinal motion is subject to a harmonic confinement V (x) = mw?x2.

A detailed discussion on the physics of low dimensional trapped gases
can be found in [36, 138] for bosons and [37] for fermions. Before we start,
let us rescale Eq. (2.2) (without ¢ label) to harmonic oscillator units, i.e.,

lo = Vh/mw for length and fiw for energy:

N 1 ) 1 ) N
H = g {—23% + in] +a) 6(xi—xj), (4.1)

i<j
with the dimensionless interaction parameter & = mgzl“’. At repulsive inter-
actions a > 0 there are three regimes [138] depicted in Fig. 4.1:

1. BECata < 1and N <« 1/«,
2. TGata > 1and N < a2,

3. TF otherwise, in particular at a sufficiently large N.
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Figure 4.1: Ground state regimes in a finite-size 1D Bose gas under harmonic

confinement as a function of an effective interaction strength a and
particle number N.



4.1 INHOMOGENEOUS 1D BOSE GAS

BOSE-EINSTEIN GAS: BEC [139, 140] is a phase (transition) which occurs
when a gas of N non-interacting bosons is cooled down to an extremely
low temperature (O ~ nK) [9, 10]. Below the critical temperature T, the
population Ny of the lowest energy one-particle orbital |¢g) grows linearly
with N for a sufficiently large N. One says the state is macroscopically
occupied. Especially, in the limit T = 0 all particles become condensed, i.e.,
No = N.

For finite size interacting systems, as in Eq. (4.1), the condensate fraction
No/ N corresponds to the largest eigenvalue m of a spectrally decomposed
one-body density operator p; from Eq. (3.14) [104]. When the condensate
fraction my = No/N =~ 1, we are in the BEC regime. The ground state
one-body density has a Gaussian profile and can be obtained from Eq. (3.7).
Otherwise the condensate is called fragmented [141]. The degree of frag-
mentation can be quantified by the depletion 1 — mg or the von-Neumann
entropy Syn from Eq. (3.17).

THOMAS FERMI GAS: The gas becomes weakly interacting beyond a suf-
ficiently large number of particles [142-144]. In a TF gas, the GPE framework
Eq. (3.7) without the kinetic term can be applied. The ground state one-body
density is just a reflection of the external potential across a constant line
defined by the Lagrange multiplier yz > 0:

no (1— 2 for [x| <R
Np1<x>: O( RzTF) | ’_ TF

0 otherwise

(4.2)

with the TF radius Rrr = /2u, peak density np = u/a and chemi-

2/3
cal potential y = (%) obtained from the normalization condition
[dx|p(x)|* =1.

TONKS GIRARDEAU GAS: At an infinite repulsion, & = 400, one arrives at
a highly correlated TG phase [108, 109] which was experimentally confirmed
in [70, 71]. In this limit, the bosons display hard-core boundary conditions,
meaning that the many-body wave function vanishes whenever the positions
of any two particles coincide, i.e., ¥(¥) = 0 if x; = x; for any particle pair
(i,7). This reminds of the Pauli exclusion principle. Moreover, the energy
spectra of impenetrable bosons and non-interacting fermions are the same.
In fact, an eigenstate of non-interacting fermions ¥r(X) and of hard core
bosons ¥5(X) are intimately related via the so-called Bose-Fermi mapping
Yp(X) = A(X)¥r(X), where A(X) = [];;sign(x; — x;) ensures the bosonic
exchange symmetry.

The ground state fulfils ¥p = |¥r|. In a harmonic trap the ground
state of N non-interacting fermions is an anti-symmetrized product state
|i) composed of N sprs with n; = 1. The SPFs are harmonic oscillator
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eigenstates. Applying symmetrization leads to a Bijl-Jastrow pair product
form [145]

N

Yp(¥) =Cn (H |xi — x,-|> e b (4-3)

i<j

with a normalization constant Cy. The one-body density is identical to that
of non-interacting fermions p;(x) = Zjli o |@i(x)|* with N-humps, though
the humps blur out with an increasing number of particles leading to a
‘polished” bell-shape density profile. There are also some striking differences
to fermions. Thus, hard-core bosons have a larger condensed fraction [146,
147]. Moreover, the momentum distribution p; (k) is a narrow peak with
a 1/k* tail [148] as opposed to fermions which displays a broad N-hump
profile.

ATTRACTIVE GAS: At attractive values of interaction, « < 0, the ground
state is a N-body bound state, followed by excited cluster-type bound
states [149, 150]. Even higher in energy, there are gas-like eigenstates with
fermionic properties. One such state can be accessed by preparing a TG
gas at &« = 400 and then traverse the Feshbach resonance to &« = —co. One
ends up in a metastable gas-like state predicted theoretically [151, 152] and
confirmed experimentally [153]. This phase is called a super Tonks gas,
because correlations are stronger and more short ranged than in the TG gas.

4.2 BOSE-BOSE MIXTURE

Figure 4.2: Ground state regimes in a two-component Bose mixture as a function
of repulsive interactions. Reprinted figure from [81]. DOL: https://doi.
0org/10.1088/1367-2630/16/10/103004.

Now, we consider a 1D Bose mixture in a harmonic trap (Fig. 4.2). When
the two components are only weakly coupled, we are in the miscible regime.
Thus, the single-component phases can coexist. In particular, at repulsive
couplings three limiting cases can be identified:

® BEC-BEC at g4p =0and g, =0
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4.2 BOSE-BOSE MIXTURE

® BEC-TG at gap = 0 and g4(p) = +o0 and gp(4) =0
® TG-TG at gap = 0 and 8o = +0

When the two components are strongly repulsive, we end up in the
immiscible regime. Three distinct configurations can be identified:

e core-shell P at gap = +o0 and g4(p) = +o0 and gp(4) =0
® CFatgap = +ooand g» =0
® FFat gap = +o0and g, = +©

Let us discuss these regimes in more detail.

PHASE SEPARATION: First, we derive a commonly used immiscibility
criterion valid for homogeneous mixtures having a large number of particles
Ny > 1 [154]. To this end, we consider a finite box potential of extension L,
i.e.,, Vy(x) = 0 for x € [0, L] and infinite outside. We assume a TF regime for
both components implying weak correlations and negligible kinetic energy.
The densities are obtained by solving the stationary coupled GPEs from
Eq. (3.12). The total energy is given by:

Ex~ ng he /0 dx [0f (x)]* + gas / dxHNUpl (4-4)

When the components are miscible, each density is spread over the whole
interval L, meaning p{(x) = 1/L for all x € [0, L]. The total energy in a
miscible configuration amounts to:

1
Em = oL (gaN3 + gNg +2845NaNp) . (4.5)

When the components are separated, each density occupies only a seg-
ment of length L, such that L4 4+ Lg = L. Suppose A is left-separated, i.e.,
pi(x) = 1/Ly for x € [0, L] and zero otherwise. Then B is right-separated,
i.e, p¥(x) =1/Lg for x € [L — Lp, L] and zero otherwise. The total energy
in the immiscible configuration, i.e., pt'(x)p?(x) = 0, amounts to:

1 N2 N2
Eps = (gA A+g3 ) (4.6)

Minimizing this energy w.r.t. L, and keeping in mind the constraint L4 +

-1
Lp = L, we obtain optimal partitioning L, = L [1 + /g‘7 I;\I]ﬂ with o’ # o
and can rephrase the above expression for Epg as:

1
Eps = ZL (gANA +gBNB + ZX/mNANB) (4.7)

which can be now easily compared to Eps. In particular, the two components
become segregated when Eps < Ej; or, equivalently, \/gagp < gap. This is
the immiscibility criterion for a homogeneous two-component Bose mixture.
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The phase segregation has been extensively investigated over the past
years both experimentally and theoretically [60, 154—162]. In particular,
the trapping geometry strongly affects the immiscibility criterion outlined
above along with the shape of segregated density distributions.

Thus, in a harmonic trap the ground state may undergo a core-shell Ps:
one species occupies the trap centre (the core) while the other component is
pushed to the edges of the first component (the shell). Depending on the
intra-component parameters we can get either ABA or BAB configurations.
The overlap region between the two density profiles decreases with increas-
ing repulsion g4p. The state is non-generate and the least entangled among
the segregated phases. In particular, it can be well matched by a species
mean-field ansatz.

When the two components compete for the energetically low trap centre,
usually one of the component gets the upper hand and forms the core.
However, there are situations, when both components have equal energy
arguments for occupying the trap centre and the winner cannot be decided.
This brings us to the next segregated phase, the CF.

COMPOSITE FERMIONIZATION: Let us assume for simplicity a mixture
with symmetric components, i.e., ¥ <> ¥5. When the intra-component
interactions are absent (g, = 0) and the two components are strongly
repelling each other (g4p = +00), one reaches a regime of CF [163, 164].
Note that a mixture of non-symmetric components also has a CF limit,
though at a particular ratio of asymmetry parameters [MP3]. Similar to
TG, the many-body eigenstates display hard-core boundary conditions, i.e.,
Y(x4,28) = 0if x = x]B for any pair of distinguishable particles. Owing
to this resemblance, a pair product ansatz from Eq. (4.3) can be adapted to
the CF ground state:

Ny Np

¥ (24, 7) o <HH |x{t — x]B|> e~ L /2p= Ll /2, (4-8)
j

i

Numerical simulations indicate two major natural populations for the
reduced one-body density operator [80] and substantial entanglement be-
tween the components [MP3].

This regime displays multiple peculiar properties. The ground state is
actually two-fold degenerate [MP1] and emerges out of two eigenstates
with an opposite global reflection parity, meaning ¥ — —X”. In particular,
the degenerate manifold can be chosen to have a definite global parity, if
appropriately rotated by a unitary transformation. At 1/g4p < 1 but finite,
with a numerically resolvable energy gap, we expect the quasi-degenerate
eigenstates to have a definite global parity. Thus, the one-body density
p{(x) displays two reflection symmetric humps and looks the same for both
components (see Fig. 4.3 [top]). This overlapping conveys an impression
of a miscible phase, which is unusual given the strong repulsion. The
two components are indeed segregated, which can be evinced by the two-
body density matrices. Thus, the inter-component two-body density matrix
p5B(x,y) is depleted along the diagonal x = y (see Fig. 4.3 [bottom row
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Figure 4.3: CF of a 2+2 mixture at go = 0.4. One body density pJ(x) [top], intra-
component two-body density matrix pg (x1, x2) [middle row] and inter-
component two-body density matrix p5'8 (x4, xB) [bottom row] at three
different couplings gap € {0.4,4.7,25} [columns]. Last column is the
characteristic pattern of CF. Reprinted figure with permission from
[163]. Copyright (2008) by the American Physical Society. DOL: https:
//doi.org/10.1103/PhysRevA.78.013629.

on the right]), meaning there is zero probability of finding two particles of
different species at the same location. In fact, judged by the anti-diagonal
pattern of the density plot, two distinguishable particles are most likely
to be found on opposite sides of the harmonic trap. Meanwhile, particles
of the same component bunch together on the same side of the harmonic
trap, as indicated by the diagonal pattern in the intra-component two-body
density matrix pg(x,y) (see Fig. 4.3 [middle row on the right]).

Based on these observations, a two-mode approximation has been sug-
gested [163] [¥) ~ % ([¥) [Y8) £ [¥4) [YF)) with [¥9) = |Ns,0) and
['¥%) = |0,N,) for a left and right localized Gaussian-type states, respec-
tively. The advantage of this viewpoint is that each species orbital is a
mean-field state. Naturally, a mean-field ansatz for the whole mixture is
unable to describe the two configurations at the same time. Thus, only one
configuration with ‘broken” parity symmetry can be obtained by solving
the coupled GPEs. Importantly, the symmetry breaking takes place already
at intermediate values of g45 [MP3] providing evidence for the failure of
an uncorrelated ansatz.

FULL FERMIONIZATION: In the limit when all interactions become in-
finitely repulsive g4p = 400 and g, = +oo, the mixture can be mapped to
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a system of N = N4 + Np non-interacting fermions [165]. Similar to TG and
CF we can replace the effect of interactions by hard-core boundary condi-
tions ¥(¥) = 0 if x; = x; for any pair of particles and ¥ = (¥4, ¥). As in the
TG case, we can employ the Bose-Fermi mapping to construct the ground
state from a properly symmetrized determinant, i.e., ¥(¥) = A(X)¥r(X) =
[¥r(%)| with A(X) = [];;sign(x; — x;). However, as opposed to TG, here
the ground state is %—fold degenerate. There is a particularly insightful
choice of basis for this manifold, the so-called snippets [166, 167].

To better understand what snippets are, let us consider N distinguishable
particles with an infinite é repulsion in a longitudinal potential V(z). Since
the particles are impenetrable, they are ordered and can be written as a label
sequence |07, - - - ,0n) with 0; the particle label. E. g., for N = 3 there are six
ways of ordering: |[ABC), |ACB), |BAC), |BCA), |CAB) and |CBA). Thus,
we can partition the whole space RY into N! configuration sectors C,; =
{56 € IRN|x7T(1) << xﬂ(N)} with 7t a permutation of particles. Within
each sector, the many-body wave-function obeys the Schrodinger equation
of N non-interacting particles and it vanishes at the sector boundaries. A
snippet state |77) is a symmetrized fermionic state restricted to a particular
sector C,:

(T[7) = VN6 (xr(1), -, Xn ()| (F[¥E))], (49)

where 0(x;(1), ..., Xz(ny) = 1if x7q) < -++ < xn) and zero otherwise.
The basis is orthonormal by construction (7t|7t') = J, » and each state |7r)
is a ground state of N distinguishable impenetrable particles.

Coming back to the Bose mixture, we now need to unite those sectors,
which correspond to an exchange of indistinguishable particles, i.e., we
symmetrize w.r. t. each species. E. g., for Ny = 2 and Np = 1 there are only
three configurations: | AAB), |ABA) and |BAA), the same as the degeneracy
level. Let |e) refer to a many-body state of N distinguishable impenetrable
particles with a default ordering x; < --- < xy. Then, we can construct all
three eigenstates from the snippet basis as follows:

o |AAB) = L (je) + |m2))
hd |ABA> = 7"\(2,3 ’AAB>
e |BAA) = 713 |AAB)

with 71; ; exchanging the positions of particles i and .

For large but finite interactions, 1/g, < 1 and 1/g4p < 1, one can do
zeroth order degenerate perturbation theory for the ground state manifold
and derive an effective Hamiltonian H,y:

Hepp = EFl — 22 Z a)ilo) i+1 (ol; <‘7|z+1 (4.10)

)i IB)iv1 +1B)i1A)i11) ((Al; (Bliyy + (Bl (Aliyq)
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where Ef is the ground state energy of N non-interacting fermions in a
potential V(z), C; = 1\%’4 [ dxy - dxnd(x; — xig1)0(x1, - - xN)\a‘FF > and
|o); refers to the label at index i.

By identifying |A) < |1) and |B) < ||), one finds:

ox = |A) (Bl +|B) (A], oy = —i|A) (B|+|B) (4],
= |A) (Al - |B) (B, 1 =|A)(A[+[B) (B].

We can now formulate Eq. (4.10) as a spin chain Hamiltonian Hsy [168-172]:

. z+1 (i) (z+1)
Hyp = — 28AB;C{ —|—0’y ) }
1/1 1 i) z+1
- = —_—— C,o.
<gA * 8B gAB) ;

+

1/1 1
Er—=(—+— C;
i <gA S gAB> Z

3 (g ) K+

The third term o 1 is just an energy offset and can be ignored. The fourth
term is an inhomogeneous magnetic field. Assuming V(z) = 0 gives C; =
C and the field becomes homogenous. Since the total magnetization is
conserved, the field has no effect, so we discard it.
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Figure 4.4: Phase diagram [left] and one-body densities p{ (x) [right] of a Bose mix-
ture at strong repulsive interactions. Reprinted figures with permission
from [171]. Copyright (2017) by the American Physical Society. DOL:
https://doi.org/10.1103/PhysRevA.95.043630.

If we further transform o’ — (_1)1‘03(51') and (Ty(i) = ( —1)ic7y(i), we arrive

at the XXZ Heisenberg model in the absence of a magnetic field:

Hxxz = Jxy Z Ux ‘TJSZH) + Uy(')‘Ty(lH) +(1— W)Uz(i)tfz(iﬂ)

i

29
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with [, = ngB and 7 = $22 + &8 =1 — ]z . The Hamiltonian has a very
rich phase diagram (see Flg 4. 4) He1senberg (Anti-)Ferromagnet, Ising
(Anti-)Ferromagnet and XY phase. Different phases can be accessed by

changing the sign and ratio of the coupling strengths.

ATTRACTIVE COUPLING: Finally, we would like to mention a particularly
interesting phenomenon occurring in attractive mixtures (gap < 0) of
weakly repulsive components (g, > 0), namely quantum droplets [173]. They
display some peculiar properties and have been recently confirmed in
experiments [59, 67, 174]. In free space they neither disperse nor collapse
but remain self-bound. They are characterized by a saturation density p..
As the number of particles is increased, the droplet first becomes denser
while its spatial extension remains constant. After the threshold value N,
has been reached, the excess particles migrate to the density edges, causing
a growth of the droplet’s size while keeping the density fixed (see Fig. 4.5).

T T T T

Figure 4.5: Top: The wave function of quantum droplet versus radial coordinate
(both in rescaled units) for an increasing number of particles (indicated
by the growing area under the curve). Reprinted figure with permission
from [175]. Copyright (2015) by the American Physical Society. DOI:
https://doi.org/10.1103/PhysRevLett.115.155302.

Droplets are possible because of beyond-mean field effects. Assume a
homogeneous mixture in a miscible regime and introduce a residual mean-
field coupling 6g = gap + /g488- The GPE becomes unstable at 6g < 0
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predicting a collapse of the condensate wave-function [176]. However, in
the vicinity of §g ~ 0 correlations become indispensable and a first order
beyond-mean field correction to the GPE needs to be introduced, the Lee-
Huang-Yang (LHY) term [175, 177, 178]. The residual mean-field and the
LHY terms display different dependencies on the coupling constants and
scaling with the condensate density p(x). The trap dimensionality plays
also a crucial role: in 3D the mean field term can be made attractive while
the LHY term is repulsive; in 1D it is the other way around. Hence, one
can tune the two contributions independently until they balance each other
out. Thus, attractive forces which localize the particles become stabilized
by repulsive forces. The collapse can be avoided and finite size quantum
droplets are formed.

Another notable study [179] addresses the behaviour of attractively cou-
pled TG mixture, i.e., gap < 0 and g» = +o0. At intermediate couplings
a molecular TG is formed, i.e., bound pairs composed of distinguishable
particles, followed by condensation of these pairs at strong couplings and,
beyond a critical value, the mixture undergoes a collapse.

4.3 PREFACE: EIGENSYSTEM OF A 2+2 HARMONIC MIXTURE

In [MP1] we consider a few-body binary mixture with two bosons per
species confined in a 1D harmonic trap. The work can be divided in two
subtopics: the properties of the low-energy spectrum and the breathing
dynamics. The latter shall be discussed in Section 5.5. Here, we proceed
with the analysis of stationary properties.

To solve the eigenvalue problem, we employ the exact diagonalization
method (Section 3.1) in a correlated product basis of relative-frame co-
ordinates. Inspired by the analytical solution of a single-component two-
body problem derived in [180], we perform a transformation to a coor-
dinate frame Y = {Rem, Rap, 74, v} composed of i) the centre-of-mass
Rewm = m Y.i - x7, ii) the relative intra-species distance 7, = x{ — x5 and
iii) the inter-component distance Rap = NLA yxf — NLB y; xP. Using product
states of symmetrized parabolic functions, Eq. (2.2) becomes diagonal and
Eq. (2.3) is the only non-diagonal matrix. As opposed to a straightforward
expansion in terms of Fock states constructed from harmonic oscillator
orbitals [81], our basis incorporates exactly the correlations induced by
the intra-species interactions. As a result, we achieve a faster convergence
w.r. t. the basis size.

Apart from technical improvements to solve the given Hamiltonian, we
analysed the underlying symmetries in both frames. They have strong
implication for observed degeneracies, explain avoided crossings and allow
a convenient categorization of eigenstates into symmetry classes thereby
promoting a symmetry-induced block-diagonalization.

In the laboratory frame, there is i) a bosonic exchange symmetry S, for
two indistinguishable particles, ii) the global coordinate reflection Dy, i.e.,
x{ — —x{,iii) in a species-symmetric case g4 = ¢p the exchange of particle
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labels S 4p, i.e., x{ — x;_’, and iv) in a totally symmetric case g4 = ¢ = 4B
any exchange of particles Sl-j,

In the relative frame, we discover additional symmetries: i) the parity
of individual relative coordinates ISYI,, i.e, Y; =& —Y; and ii) in a species-
symmetric case g4 = gp the exchange r4 <+ rg. Some of the above symme-
tries are by far not obvious from the laboratory frame perspective, as they
involve improper rotations of the four-dimensional coordinate space. The
spherical or cylindrical coordinates serve in fact the same purpose, namely
to make the symmetries of the laboratory frame more obvious/simple from
the mathematical point of view. The question arises whether further abstract
symmetry transformations of the particles coordinates exist with an intu-
itive interpretation in a suitably-chosen coordinate frame, beyond what is
currently known in physics. In a somewhat related spirit, in Section 7.4 we
discuss yet another kind of hidden symmetries, called latent, revealed not
by a coordinate transformation, but by a spectrum preserving subsystem
partitioning.

4.4 PREFACE: BOSE POLARON IN A HARMONIC TRAP

In [MP3] we investigate the process of phase separation in a Bose polaron
setup, i. e., an impurity coupled to a medium composed of multiple atoms
(see Eq. (2.1)). The miscible-immiscible transition is one of the key features
in composite mixtures. For instance, it is of experimental relevance in the
context of sympathetic cooling [181, 182], lies at the heart of dynamical
domain formation [183-185] and allows for peculiar vortex patterns [186,
187].

We choose a harmonic species-selective external confinement with a trap
ratio 7 = wp/wa. In addition, we vary the particle number imbalance
Np/Nj4 and the coupling strength g4p. For simplicity, we assume a non-
interacting medium (g4 = 0). As we have already mentioned in Section 4.2,
the miscible-immiscible phase boundary is by far not trivial. Furthermore,
not much attention has been paid to characterize the boundaries among
distinct types of phase segregation.

We classify phases according to the one-body density shapes discussed
in Section 4.2. For weak-to-intermediate repulsive interactions we anticipate
the miscible phase, the CF and two types of the core-shell Ps with either
the medium or the impurity occupying the trap centre, BAB and ABA,
respectively. To differentiate among the four possibilities, we use

_ p{(x=0)

max. o7 (x)” (410

which tells us whether species ¢ is at the centre of its trap (A, = 1). We
remark that for a mean-field ansatz, instead of the CF which is an entangled
state, we expect a configuration with a broken parity symmetry.

Our major finding is that at the miscible-immiscible phase boundary the
type of phase segregation is determined by a critical trap ratio 7,:

V1/1c = {/Ng/Na, (4.12)




4.5 PREFACE: BOSE POLARON IN A SPECIES-SELECTIVE TRAP

which is derived from the energy competition of the two species to occupy
the trap centre. To this end, we employ an effective Hamiltonian for the
species ¢ featuring an induced potential determined by the density shape
of the fellow component 7:

Vi(x) = gaNyp (x). (4.13)

At weak couplings (the miscible regime), the effective potential is a scaled
ground state of the quantum harmonic oscillator. Thus, the total potential
is a harmonic trap with a central barrier, which grows in height with
increasing gap. When the ground state energy of the effective potential
turns below the barrier height, the species will depart from the trap centre
and form two parity symmetric humps, i. e., it separates.

For n > 1. we predict the ABA core-shell Ps, at 7 =~ 7, the CF and for
7 < 11, the BAB core-shell PS. This conforms well with our intuition: 7 >> #.
corresponds to a tightly localized and robust impurity, whereas at 7 < 7. it
is delocalized and easy to perturb. At # = 1. neither species can prevail to
stay at the trap centre, so none of them does, which leads to the CF. With
an increasing number of majority atoms, 7. tends to extremely high values
implying a static impurity.

In addition, we provide estimate values for all phase boundaries and
identify hints for the existence of tri-critical points, i.e., isolated points
in the phase diagram, where three phases become adjacent. Furthermore,
we link the critical trap ratio 7, to high values of the entanglement S,y.
This helps us to reveal a latent CF disguised as a core-shell Ps. Indeed, the
two-body density matrices confirm typical signatures of the CF: localization
of a single component on either side of the trap and the separation of the
two species to opposite sides.

4.5 PREFACE: BOSE POLARON IN A SPECIES-SELECTIVE TRAP

In [MP4] we study the interplay between a finite-lattice trapped majority
component (the medium) and an impurity confined in a box potential.
Our goals are to find parameter regions with a potentially interesting
behaviour, to segregate the mean-field effects and to characterize the impact
of correlations.

In a decoupled regime (gap = 0), the medium can reside in a superfluid-
like phase or in an insulating-like phase depending on the lattice depth and
intra-component interactions [188], whereas the impurity is localized at the
trap centre and is spatially extended over a broad region.

First, we identify non-trivial parameter regions where the coupling
strength gap leads to substantial structural differences when compared
to a decoupled mixture. To this end, we employ the fidelity F(p,¢) [189]
to measure the distance between two quantum states described by density
operators ¢ and 7

2

F(p,) = (T0y/ VAo VE) = F(o.p) (414
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We evaluate the fidelity for the ground state of a decoupled mixture and
of a mixture with a finite coupling strength g45. We do so at different
levels: the (pure) many-body states p and (mixed) single-particle states
p{. On the many-body level, apart from the anticipated phase segregation
at strong positive couplings, we find two further peculiar regimes, where
the inter-component coupling greatly perturbs the many-body state of a
decoupled mixture: a weakly interacting medium in a deep lattice with an
attractive coupling to the impurity (regime I) and an attractively interacting
medium coupled repulsively to the impurity with —g4 ~ gap (regime
II). Although the overall impact looks diminished at the single-particle
level, the fidelity of the medium displays similar signatures as the fidelity
of the many-body state. However, in the immiscible regime the medium
is almost unaffected by the impurity presence, whereas the impurity is
strongly perturbed, namely it is pushed away from spatial regions occupied
by the majority component leading to the core-shell Ps. Thus, the fidelity of
the impurity captures well the onset of phase segregation.

Second, we analyse the inter-component entanglement S,x and the frag-
mentation entropy S, of each species (defined in Section 3.3.3). This step
allows us to differentiate between mean-field effects and correlation-induced
phenomena. In the regime I, there is practically no entanglement or frag-
mentation present, i.e., a mean-field ansatz would be appropriate, even
though the interactions are of a moderate strength. The fragmentation of
the medium is completely destroyed by the attractive coupling to the im-
purity and the state becomes highly localized implying the formation of a
many-body bound state. Interestingly, prior to this collapse we evidence
states with a moderate amount of correlations. In the regime II, both the en-
tanglement and fragmentation are extremely high. We suspect droplet-like
states.

Third, we look at the one-body density functions p{(x) and two-body cor-
relation distributions: p44(r) characterizing the probability for two majority
particles to be at a distance 7 from each other and p8(r) characterizing the
probability for a majority particle to be at a distance r from the impurity. In
particular, we compare these quantities to their non-entangled counterparts,
obtained assuming a SMF product ansatz. This allowed us to spatially re-
solve the impact of correlations on measurable quantities. Overall, we find
that entanglement accelerates the process of phase segregation at repulsive
couplings and counteracts the process of localization at attractive couplings.



BREATHING DYNAMICS

After having developed a good understanding of ground state regimes
which can be encountered in a trapped Bose gas/mixture (Chapter 4), we
proceed with the investigation of collective low-energy excitations. In the
early years after the experimental realization of a BEC, collective excitations
of a trapped gas were among the first aspects to be tested experimentally
[190-192] in order to benchmark effective theoretical models available at that
time [193-196], such as the hydrodynamical and GPE approaches. Excellent
agreement between theory and experiments have been found in the regime
of a weakly-correlated macroscopic condensate [197].

The immense progress in experimental techniques allowed to extend
these studies to regimes with sizeable correlations such as the transition
from BEC to TG in a 1D geometry [69, 153, 198—200] or the BEC-BCS crossover
[201—203] in a trapped Fermi mixture. The strong sensitivity of collective
modes to the shape of interactions and trapping geometry along with the
ability to measure them with high-accuracy, employing modern imaging
tools such as the correlation-based principal component analysis (PCA) [204],
open the road to use collective modes as a sensitive diagnostics: to verify at
which regime the system has been prepared [69, 153, 203, 205]; to access
mean kinetic, potential and repulsive energies and other key observables
[206]; to perform high-precision measurements of the scattering length or
the trapping frequency [207] and to extract the screening parameter and the
particle charge in complex plasmas [208]. The utility of low-energy collective
modes for trapped particles has been compared to absorption/emission
spectroscopy used for molecular systems [209].

In this chapter, we want to discuss a particular type of collective modes,
namely the breathing mode [209], focussing on harmonically trapped par-
ticles in 1D at zero temperature. In Section 5.1 we introduce the notion of
collective modes through the lens of one-body density and a particular
quench protocol employed in this work. Then, in Section 5.2 we characterize
key features of a breathing mode. Section 5.3 contains major findings related
to a single-species Bose gas. Finally, we address how a partial distinguisha-
bility of particles enriches the breathing response in a two-component Bose
mixture in Section 5.4. In Sections 5.5 and 5.6 we outline our own contribu-
tions focussing on few-body mixtures and beyond mean-field effects.

5.1 COLLECTIVE MODES

We consider an equilibrated ultracold ensemble of N interacting particles
(bosons or fermions) subject to an external confinement. At a time t = 0, the
dynamics is triggered by a sudden but weak quench of a system parameter,
which can be formulated as a perturbation eQ with e < 1. The pre-quench
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and post-quench Hamiltonians, Fy and H respectively, are related as Hy =
A+ €Q.

In the following, we are interested in the low-energy collective excitations
participating in the dynamics. Collective implies that every particle performs
the same motion. As the particles are indistinguishable, the problem can
be reduced to a spatial monitoring of the time-evolving one-body density
p1(x,t). As explained in Section 3.3.3, it is obtained by tracing out the
many-body density p(t). The latter will be represented in the basis of
post-quench eigenstates |E;) such that p(t) = ¥y cjce”#E5! |Ej) (Ey|
with real overlap coefficients ¢; = (E;['¥(0)) for the initial state [¥(0)),
which is the ground state of Hy. Given the above representation, the one
body-density p1(x, t) can be now decomposed as follows:

"
pi(x,t) = Y ol (x) +2 1 cjerpl™ (x) cos(Qt), (5.1)

p ik
with transition densities f)gj’k) = Try_1[|E;) (Ex|] and frequencies Q) =

(Ej — Ex)/n . The first term in Eq. (5.1) is a time-independent background
density while the second term contains multiple oscillatory contributions
for every eigenstate pair (j, k) which is populated (cjcy # 0), each with a

characteristic spatial modulation profile pgj ) (x).

To evaluate the overlap coefficients Cj,s it is convenient to view the initial
state as a weakly perturbed ground state |Ep), of the post-quench Hamilto-
nian H. Using the non-degenerate perturbation theory, we arrive at a first
order correction:

= (150 +e 1 AUE

‘E]>> ’ (5-2)
70 Fo—E

with a constant ¢ to normalize the state. Obviously, large energy gaps
Eo — E; strongly suppress the population of higher energy eigenstates, while
transition matrix elements <Ej|Q|E0> may filter out states of a particular
symmetry. Given that € is sufficiently small, we may simplify Eq. (5.1):

pi(x,t) ~ C%pgo,m (x)+2 ZC]'COP?'O) (x) cos(QYjot), (5:3)
j

where we neglected terms cjc; €2, i.e., when both j # 0 and k # 0. In
particular, every frequency corresponds now to an energy gap w.r.t. the
ground state |Ey).

The density evolution may be further abstracted as pi(x,f) = f(x) +
Y fu(x) cos(Qyt) with distinct oscillation frequencies (), i. e., summariz-
ing contributions stemming from eigenstate pairs having the same energy
gap. Each f,(x) cos(Q,t) will be called a collective mode characterized by a
mode profile f,(x) and a mode frequency Q.

5.2 BREATHING MODES

When the perturbation operator corresponds to a weak quench of the trap-
ping frequency wy = w + 7 in a harmonic confinement, i.e., Q = mw ¥; x2,



5.2 BREATHING MODES

the resulting dynamics observed in the one-body density resembles a res-
piratory motion, i.e., a periodic contraction and expansion of the density
variance:

A1) = [dx (- wfp(nn) = 3 (D) -5 (Da) 6
i t it
with mean %; = [ dx xp;(x,t). Collective excitations as registered by oscil-
lations of the density variance o?(t) are known as breathing modes.

As the external confinement is reflection symmetric around the origin
(x = 0), only states of the same parity (even or odd) can be coupled by Q.
This implies (¥, x;)7 = 0. Thus, ¢(¢) is proportional to the expected value
of the perturbation (Q), and we call X> = ¥, x? the breathing operator.
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Figure 5.1: Single particle breathing. The background density pgo’m(x) and the

modulation profile ,0%2’0) (x).

To provide some intuition as to why the density ‘breathes’, let us consider
a single particle. To simplify the notation, we employ harmonic oscillator
units of the post-quench operator, i.e., H = —%% + 2x2. The spectrum is
equidistantly spaced Ex = k +1/2 and the spatial projection of eigenstates
is Ex(x) = \/%%\/E exp(—%z)Hn(x) with H,(x) the physicists” Hermite
polynomial. The selection rule for allowed transitions mediated by the
perturbation operator is An = 32. Thus, starting initially with the ground
state |Ep), we populate only the state |E;). The breathing frequency is
Oy0 = (E2 — Ep) = 2 in units of w. The background and modulation
densities are sketched in Fig. 5.1. As one can see, the static background

pgo,o) (x) is a Gaussian. Depending on the sign of the cosine function, the

modulation profile pgz’o) (x) can either i) expand the Gaussian by depleting
the central region and simultaneously enhancing the outer regions or ii)

compress the Gaussian via the reverse process.
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5.3 SINGLE SPECIES

For N interacting particles the situation is slightly different with (3; x?),
having two breathing frequencies instead of one. To gain a better under-
standing, it will be useful to replace particle coordinates (laboratory frame)
with the center-of-mass (CoM) R, = % Y. x; and relative distances 7, e. g.,
the Jacobi coordinates (CoM frame). Then, the transformed Hamiltonian
separates in two independent parts H = H., + H,,, each with its own
breathing frequency labelled ), and (), respectively.

The CoM Hamiltonian H,, is a ‘single-particle’ harmonic oscillator with
a frequency w. Thus, it features a single breathing mode with a universal
(interaction-independent) frequency (), = 2 characterizing modulations
of the CoM variance as measured by the breathing operator (R2,,). As a side
remark, the expression N2 (R2,) = (¥, x?) +2 (Li<jxixj) indicates that the
expectation () j xixj>, which depends on a two-body density p,, eliminates
the relative frequency ), from (Y; x7).

The Hamiltonian H,,; contains all the relative coordinates r; and, impor-
tantly, the interaction term of H. The breathing operator (};; d12]> with

dij = x; — xj excludes R?, contribution. Thus, it probes exclusively the
breathing of relative distances. The corresponding mode frequency €),,; is
very sensitive to the shape and strength of interactions.

Breathing mode frequencies are known in some limiting cases. In particu-
lar, we want to highlight the sensitivity of breathing modes to the shape
and strength of interaction potentials by mentioning some common long-
range and short-range repulsive interactions. We restrict our discussion
to 1D systems as all of our studies have been carried out completely in
1D. For repulsive dipolar interaction o1/ 3, O, decreases monotonically
from 2 to /3 as the interaction parameter is increased [210]. For repulsive
Coulomb interaction o 1/7, (), increases monotonically from 2 to V5 as
the interaction parameter is increased [211, 212].

For repulsive short-range contact-type interaction, the behaviour is not
monotonic anymore. For a BEC (g = 0) and TG (g = +o0) there is just
a single breathing frequency (2 = 2, since both limits have an equally
spaced spectrum of a quantum harmonic oscillator, i. e., ()¢, and Q) are
degenerate. In the TF regime, the relative motion breathing frequency attains
its global minimum Q,,; = /3. In-between those regimes an approximation
for (), can be derived semi-analytically via weighted moments and sum
rules [213] or numerically by a modified GPE approach [200].

The O,,(g) curve does also depend on the number of particles and
correlations must be often included for an accurate description [214-216]. In
particular, the two-body problem can be solved analytically and has already
provided many fruitful insights [180, 217-219]. For mesoscopic systems N <
100, the global minimum lies above the TF value, i.e., min Q,,(g) > V3.
As the number of particle is increased, the plateau around the minimum
broadens and the value approaches its TF limit. Additionally, the CoM
breathing mode becomes increasingly suppressed because its amplitude
scales as 1/ N [214].
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5.4 TWO SPECIES

The breathing response becomes even more complex for two distinct com-
ponents. Although more challenging to solve and analyse, the partial distin-
guishability of particles makes the spectrum richer and opens many exciting
possibilities.

Elementary excitations of a binary bosonic mixture in a harmonic con-
finement have been studied primarily in 3D using a Bogoliubov approach
[220-224]. Recently, the breathing dynamics of a Bose polaron in 1D has
been realized experimentally [225, 226] with a particular emphasis on the
impurity motion. Let us summarize major findings of the above studies, as
they will be useful also in our setting. First, since there are two flavours
of particles, it is possible to excite in-phase or out-phase oscillations of
the two components by a suitable quench of external traps. Second, the
inter-component coupling has a strong impact on the eigenenergies and
thus also on the excitation frequencies. Generally, at a repulsive (attractive)
coupling the frequencies of low energy excitations experience a negative
(positive) shift. Some might even become imaginary, thereby indicating
the onset of phase segregation and symmetry breaking. Third, there are
species-type modes dominating the collective behaviour within a single
component and modes synchronizing particles of both species.

As we have already evidenced in Chapter 4, interaction-induced cor-
relations have a sizeable impact on static properties of a binary mixture,
especially near the miscible-immiscible phase boundary. Hence, we an-
ticipate sizeable differences between the mean-field and exact few-body
dynamics. From the single-component discussion, we expect the universal
CoM mode to be also present in the mixture setting, assuming the post-
quench trap frequencies w, are equal, i.e., when the CoM coordinate is
separable. In addition, at weak inter-component interactions one anticipates
that each species will feature a characteristic intra-component breathing
with a frequency ()Y, particularly sensitive to the intra-component inter-
action parameter g,. Naturally, they are likely to be shifted due to the
inter-component coupling ¢ 4p. Thus, we might consider to take a separate
look at the breathing operator of each species (X2), = <ZZN”(X;7)2> , and
classify the excited modes accordingly.

5.5 PREFACE: BREATHING RESPONSE OF A BOSE MIXTURE

In [MP1] we study the dynamical response of a stationary few-body binary
mixture composed of two bosons per species upon slightly quenching the
trap frequency of the mutual 1D parabolic confinement. To simulate the
dynamics, we employ the eigenstates and eigenenergies obtained by exact
diagonalization in a relative-frame coordinate system already mentioned in
Section 4.3.

Our major finding is that a binary mixture exhibits a breathing motion
with up to four frequencies depending on the intra- and inter-component
interaction strengths. It is thus richer than a single-species case and demon-
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strates that a sophisticated many-body treatment yields more frequen-
cies than a mean-field theory. For a weakly coupled mixture (g4p < 1),
there is a characteristic frequency for each coordinate of the relative frame
Y = {Rem,Rap, 74,78}, i.e., a breathing observable <1712> , oscillates with
a single frequency. We label them {Qy, Qap, Qa, Qp} respectively. For
a species-symmetric case (g4 = gB), the relative coordinates degenerate,
meaning that (#3), = (#%),. Consequently, only three frequencies appear

t
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Figure 5.2: Breathing frequencies () of a 2+2 bosonic mixture in a harmonic trap: a)
ga =1land gp = 2,b) g4 = gp = 2. Adapted figures from [MP1]. DOL
https://doi.org/10.1088/1367-2630/aa9ch2.

We analyse the dependence of these frequencies on interactions (Fig. 5.2).
The centre-of-mass Hamiltonian decouples and corresponds to a single-
particle harmonic oscillator. Thus, the corresponding breathing observable
(R2,), oscillates with a universal frequency Qc,, = 2. The relative distance
modes ), (1) are very sensitive to the intra-component interaction g,
With increasing g4p they first quickly decay and then grow monotonically
with a slow rate, though they do not recover back to the value of a decoupled
mixture at g4p = 0. The inter-species mode ()4p behaves in a similar way
as the relative motion mode of a single-species condensate [214]: in the
limiting cases gap = 0 and g4p = oo it degenerates with the ().,,. However,
in a two component mixture it might experience a bending in the vicinity
of an avoided crossing at intermediate g4p.


https://doi.org/10.1088/1367-2630/aa9cb2

56 PREFACE: BREATHING RESPONSE OF A BOSE POLARON

In addition, we monitor to which extent a given mode contributes
to the oscillation of each relative-frame breathing observable. Thus, the
monochrome breathing turns into multi-mode oscillations at intermediate
g4p.- Importantly, (34p dominates over all other modes. In the CF and Ps
regimes, the oscillations become again monochrome. As opposed to the
weakly-correlated miscible regime, the breathing observables (R ;) ; and
(#2), oscillate now with the same frequency Q,5, whereas ), (Q24) no
longer contribute.

56 PREFACE: BREATHING RESPONSE OF A BOSE POLARON

In [MP2] we extend our previous studies on the breathing dynamics of
a binary mixture in several ways. First, the setup has slightly changed.
Now, we consider a few-body Bose polaron, i.e., an impurity B coupled to a
medium A consisting of five-to-ten bosons, in a species-selective parabolic
confinement with a trap ratio # = wg/wa. Second, we quench only the
impurity trap, whereas the medium is set in motion indirectly by being
coupled to the impurity. This is a notable difference to the species-symmetric
quench protocol we considered before, as it allows for the pre-quench
ground state to populate post-quench eigenstates of different CoM parity.
Since the total number of particles has been increased, the exact diagonal-
ization is not up to the task any more. We use an alternative approach to
extract the excitation frequencies, namely by simulating the time-evolution
of a many-body state with ML-MCTDH-X (Section 3.3.2) and sampling breath-
ing observables of interest at a given rate At. We differentiate between the
impurity breathing (£%), and the medium breathing (£%),. A comporessed
sensing (CS) algorithm [227, 228] is applied to extract the frequencies of
oscillations and their amplitudes. It is an alternative to Fourier transforma-
tion, particularly suited for time signals which are sparse in the frequency
domain. This condition is well met for a weakly perturbed ground state.
The prior information allows us to enhance the resolution in the frequency
domain beyond limitations of the total evolution time. We have been very
impressed by its capabilities to reduce the numerical effort. In our case,
to obtain spectral information with a desired resolution Aw = 0.01 would
normally take around one year, which we acquired within just one month!
Equipped with sophisticated numerical tools, we study the breathing
response for equal traps (7 = 1) at several values of the interaction strength
g4 of the medium (attractive and repulsive). To our surprise, the outcome is
quite different from what we saw in the particle-balanced Bose mixture. First,
the universal CoM frequency ()., is barely populated. Second, the medium
mode ()4 is still characterized by a strong sensitivity to medium-internal
parameters, g4 and N4, though in contrast to the particle-balanced case
it is extremely flattened as a function of the medium-impurity interaction
strength g4p. Third, the frequency (p is obviously absent, because an
internal-motion mode requires at least two particles. The inter-component
mode () 4p preserves its qualitative behaviour, i. e., in the limiting cases
gap = 0 and g4p = oo it degenerates with the (). In addition, we observe
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strong sensitivity to some parameter variations such as the particle-number
ratio Ng/ N, and the medium interaction strength ¢ 4.

What is fundamentally new is the presence of yet another breathing fre-
quency ()y;. We call it the hybrid sloshing mode, because it can be traced back
to an oscillatory motion between the ground state [N,4) |1) and a doubly
excited eigenstate |[N4 —1,1) |0,1) of a Bose polaron at zero interactions.
We note that this is not a simultaneous sloshing within each component,
which would be a superposition of two states: [Ny —1,1) |1) and |[N4) |0, 1).
In fact, neither of components performs a sloshing if judged by the formal
definition, i.e., (£4); = (£p), = 0. At a finite coupling, the excited state can
be classified by odd CoM and even global parity. The breathing frequency
is a monotonically decaying function of the medium-impurity coupling
parameter g4p. We could not observe it in [MP1] for a species-symmetric
quench, because of symmetry-dictated selection rules forbidding such a
state from being populated. Thus, it is not a feature of the Bose polaron
system, but of the quench protocol. Importantly, we find that the entangle-
ment among the two components is indispensable for the mode existence.
In particular, if one approximates the many-body wave function by a SMF
ansatz, i.e., ignoring all entanglement effects, the mode disappears com-
pletely. Furthermore, we find that its contribution grows with increasing
gaB. So does the entanglement entropy:.

In addition, we study the breathing response for a localized (7 > 1) and
a delocalized (7 < 1) impurity, while the medium is assumed to be non-
interacting (g4 = 0). Even though the CoM coordinate is inseparable, we
still evidence a monotonically decaying entanglement-sensitive breathing
frequency.

Finally, we look at the breathing response of the first excited state at
n = 1. As opposed to the ground state, it is of odd global parity. As the two
subspaces of even and odd global parity are decoupled from each other, we
have been curious to find out how the global parity affects the breathing
dynamics. It turns out, the excitation spectra are almost identical. The major
difference is an additional low-frequency mode. The reason for its existence
can be understood as follows. At gap = 0, the first excited state is two-fold
degenerate, whereas at finite g4p the degeneracy is split. The employed
quench protocol populates the former energy siblings across all g4p values.



QUANTUM GAS MICROSCOPE

In the field of ultracold gases there are plenty of tools for extracting infor-
mation from a many-body system. The interaction between light and matter
is the key ingredient for probing ultracold samples and can be realized in
multiple elegant ways [229, 230].

Early experiments recorded the intensity of a (near)-resonant laser beam
after its passage through a sample of atoms, observing spatial variations
of the shadow image on a CCD sensor (absorption imaging). A more ad-
vanced approach is based on separation of the transmitted light field into
a phase-shifted scattered component and unaffected background light. By
independent manipulation of the two parts an interference pattern can
be generated, which allows to reconstruct the phase information (phase-
contrast dispersive imaging). Alternatively, one can gather the light emitted
by the sample (fluorescence imaging). Only a fraction of emitted photons
can be gathered by a detector which makes the signal several orders of
magnitude weaker. However, it has the notable advantage of being almost
free of background noise, implying a high signal-to-noise ratio (SNR) as
opposed to the transmitted light which is plagued by sizeable fluctuations
of the laser beam intensity. Either way, the instantaneous intensity image of
trapped atoms can be converted to the (‘in-situ’) one-body density p1(x),
while letting the gas expand freely in space prior to imaging (‘time-of-flight)
translates to recording the momentum distribution p; (k) instead.

The ultimate feature sought to be improved in an imaging apparatus
is its spatial resolution, as it allows to differentiate subtle structural and
dynamical variations in a physical system [231, 232]. Of particular interest
is achieving a resolution which allows the detection of individual particles,
which is vital for improving our current theoretical understanding of highly
correlated phases of matter [1]. A great number of impressive accomplish-
ments have been reached in modern experiments so far in the pursuit of
these goals.

The imaging resolution of a probe of wavelength A is bounded from
below by a classical diffraction limit R ~ 0.61A/NA known as the Rayleigh
criterion with NA (O ~ 1) the numerical aperture of the imaging apparatus.
The Rayleigh criterion is the minimum distance at which two incoherent
point sources can be still distinguished. Each point source appears as a
spread object on the imaging plane (point spread function (PSF)). Under
aberration-free circumstances, it has the shape of an Airy function. Its full-
width half-maximum (FWHM) determines the spatial resolution and the
whole imaging process can be described mathematically as a convolution
of the point source distribution with the PSF of the imaging system. Whilst
the above-mentioned imaging methods already possess a resolution down
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to several ym, they do not reach the diffraction limit due to heating by the
probe pulse and imperfections in the imaging components.

The diffraction limit can be overcome by a non-linear optical response of
matter to a spatially varying light field [233]. Recently, a super-resolution of
tens of nanometres has been demonstrated [234, 235]. By using an optical
control lattice with an adjustable position one can i) pump the illuminated
fraction of particles into a state addressable by probe light [234] or ii) realize
a position-dependent dark-state in a three-level system [235]. In particular, it
allowed to observe density variations inside a single site of a physical lattice.
Even non-demolition measurements [236, 237] have been suggested based
on a dispersive coupling of the readout state to a cavity, enabling a real-time
scanning of density fluctuations with sub-wavelength resolution. However,
even though the above schemes have breached the classical diffraction
limit, they lack the ability to locally identify individual particles at high
density regimes. In sparse samples, high-fidelity single-atom detection
and manipulation have been already demonstrated [20, 238—243]. A high
resolution can be also achieved by a scanning electron microscope: an
electron beam with a diameter ~ 150nm can be moved across a gas of
neutral atoms to create ions which are subsequently extracted by a static
electric field and detected by a channeltron [244, 245]. Unfortunately, the
single-atom detection efficiency is only around ~ 20%.

The advent of QGMs for bosons [22, 23] and fermions [24—27] has revo-
lutionized detection in high density settings with sizeable correlations. It
allows to identify individual atoms locally with a near-unit fidelity and
at the same time offers a sub-micron resolution ~ 0.5um. The QGMs are
predominantly used for studying lattice systems, e. g., interaction-induced
phase transitions [246, 247] and the many-body localization [248, 249] in
Hubbard models. Importantly, projective measurements of site occupations
provide access to correlation measures: antiferromagnetic spin correlations
[250—252], hidden string order [253, 254] and entanglement entropy [255,
256].

6.1 TECHNICAL ASPECTS

QGM is a two step imaging process. The atoms are first pinned inside a deep
optical lattice followed by occupation readout with fluorescence imaging.
An optical lattice can be created by the interference of two counter-
propagating laser beams [257, 258] with frequency w leading to a peri-
odic intensity pattern I(x) « |E(x)|? o sin?(kx) with a lattice constant
a = 1t/k = A/2 corresponding to the distance of two neighbouring minima.
Neutral atoms exposed to this electric field become polarized. The inter-
action between the light field E and the induced dipole moment d results
in an effective potential [259] V(x) = — (dE(x)) « al(x) experienced by
atoms with polarizability « & 1/A and laser detuning A = w — wp w.r.t. an
atomic transition wy. This is a second-order perturbative correction to the
ground state energy (Stark shift). The atoms are attracted to the maxima
of the lattice potential for a red-detuned laser (A < 0) or to the minima for
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a blue-detuned laser (A > 0). By using additional lasers in perpendicular
directions, two- or three-dimensional regular lattices can be realized. The
lattice depth can be adjusted by changing the laser power and even the lat-
tice constant may be dynamically adapted to the experimental needs either
by tuning the laser wavelength or the angle between the two interfering
beams [260, 261].

Attaining single atom sensitivity with near-unit fidelity requires a high
SNR at the detector. Fluorescence imaging is perfectly suited for this purpose.
Nevertheless, a sizeable number of photon scattering events per atom
O(10%) need to take place. To maintain sub-wavelength resolution, the
atoms should stay at their sites during the imaging process despite a massive
amount of heating. For that reason, the lattice needs to be extremely deep,
typically ~ 103Eg with Eg = h;(nfj\?z the recoil energy, corresponding to
several Watts of laser power. Additionally, during imaging the atoms are
cooled down using various techniques: bright molasses [22, 23], Raman
side-band [25, 27] or electromagnetically induced transparency [24, 26]
cooling. There is an unfortunate side effect to this procedure: whenever
more than two atoms occupy a single site of a pinning lattice, light-assisted
collisions lead to formation of molecules. For bosons, this amounts to losses
of particle pairs from the trap. Thus, OGMs detect the parity of the number
of atoms (even or odd) at each lattice site [22, 23, 262]. Recently, it has been
shown for Yb atoms that cooling can be avoided: the atomic sample was
exposed to light for shorter times [263, 264] while maintaining high SNR.

The numerical aperture of the imaging apparatus for QGMs is typically
NA < 0.8 [22—27], meaning that the spatial resolution R > 31 /4 exceeds
the distance between two lattice sites 2 ~ A/2. Given high SNR and a
prior knowledge about the discrete spacing among atoms, a deconvolution
algorithm can deblur the detector image and recover the lattice features.
Then, it is straightforward to distinguish between zero or one occupancy at
each lattice site.

It is not surprising that QGM is primarily used to study physics in a
lattice potential: the physical lattice can be easily switched into the imaging
modus by increasing the laser power. Each measurement translates into a
projection on some number state configuration in the lowest-band Wannier
basis. However, the physical and imaging lattices may be different [265],
allowing to oversample the physical lattice. This opens the possibility
to eventually overcome the above mentioned limitation of fluorescence
imaging to detect only the parity of the number of atoms on each site of
the pinning lattice. Moreover, freezing of a large scale extended system
after time-of-flight expansion has been demonstrated [266]. In that regard,
it would useful to generalize this scheme to arbitrary external traps. In
particular, freezing and measuring of one-particle density structures on the
scale of the pinning lattice constant might be challenging. We undertake
this investigation in [MP5] to reveal limitations and eventual difficulties
that might be encountered.
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6.2 PREFACE: QUANTUM POINT SPREAD FUNCTION

(a) Trapped few- Dynamics

particle system
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p(x)
1 Pinning lattice

X X

(c) Fluorescence imaging (d) single image

(e) Measured signal s(x) (f) Deconvolved
density p(x)

(via qPSF)

P1 P2
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Figure 6.1: Imaging protocol. Reprinted figure from [MP5]. DOIL: https://doi.org/
10.1088/1367-2630/ablae7.

The ultimate goal of our measurement protocol, sketched in Fig. 6.1, is to
obtain a highly-resolved n-particle distribution p,(x1,...,x,) of a sparse-
density many-body system confined by an external potential of arbitrary
shape. In [MP5], we focus on the one-body density p;(x) in 1D traps. It
serves as the first step to verify the viability of our measurement protocol:
to identify advantages, possible limitations and technical drawbacks.

Once an ensemble of atoms has been prepared in its ground state or has
undergone some dynamical evolution, the instantaneous (pre-measurement)
one-body density p;(x) (Fig. 6.1a) is recorded in iterative manner by re-
peating a two-step sequence. In the first step (Fig. 6.1b), one switches off
the external trap and tunes the strength of inter-particle interactions to a
negligible value using a Feshbach resonance. At the same time, a pinning
lattice with an inter-well spacing a; and a phase off-set ¢ is ramped up
to freeze the motion of particles. As a side effect, the pre-measurement
density distribution becomes distorted in the process. In the second step,
we read-out the distribution of particles over the lattice sites by fluorescence
imaging (Fig. 6.1c). At a low-density regime the probability for two atoms
to end up at the same lattice site is strongly suppressed. Thus, we neglect
losses attributed to light-assisted collisions [23, 246]. A possible measure-
ment outcome is illustrated in Fig. 6.1d. The procedure is repeated many
times until the ensemble average has converged to the post-measurement
distribution s(x,,,) sampled at discrete values x,,, = na; + ¢ with a reso-
lution a; (Fig. 6.1d). Importantly, the resolution of the signal s(x) can be
further improved if we repeat the ensemble averaging procedure at several
different phase off-sets ¢; of the lattice (Fig. 6.1e).

We have been able to formulate the measurement procedure, which gives
the post-measurement distribution s(x), in a very compact and convenient
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way as a 2D convolution of the pre-measurement one-body density matrix
p1(x,x") with a 2D filter Q(x, x’):

(Qp)(xx) = [dyayQx =y, x~y)p(yy) =s(x).  (61)

The filter Q(x, x’') depends only on parameters of the ramp protocol. We
call it the quantum PSF, in analogy to classical imaging devices [267, 268].

After acquiring the post-measurement density s(x), we want to recover
the pre-measurement one p;(x) (Fig. 6.1f). A straightforward deconvolution
procedure is not helpful here, because the signal s(x) represents just the
diagonal of a 2D convolution s(x, x’). Although measuring the off-diagonal
elements of the coherence matrix has been proposed [269], the feasibility
has yet to be demonstrated.

Does it mean that our quest for a sub-lattice resolution is doomed or
is it still possible to (partially) remove these distortions using our knowl-
edge of the imaging procedure? Upon a careful inspection of lattice ramp
parameters, we observed that quantum PSF can be shaped into an elon-
gated Gaussian. This motivated us to approximate the signal s(x) as a 1D
convolution of the pre-measurement density p;(x) with a 1D filter g(x):

s(x) =~ (g% p1)( / dyq(x — y)o1(y)- (6.2)

Unfortunately, taking the diagonal g(x) = Q(x, x) as a filter for 1D decon-
volution does not perform well, in terms of recovering the original density.
Instead, we came up with an advanced two-step recovery algorithm.

In the first step, we obtain g(x) using a machine learning technique.
There is a vast body of literature on this exciting field of modern research
encompassing all areas of science. We recommend [270] to learn some
basics, [271] to get familiar with the state of the art programming library
TensorFlow, and [272] for learning some advanced topics. For our purposes,
we apply a simple convolutional neural network (NN). This type of networks
are particularly suited for solving image-based tasks. We generate a sample
of ny physically relevant examples with an analytically known one-body
density matrix pgj ) (x,x"). Then, we apply 2D convolution with an exact filter
Q(x,x) to obtain the corresponding post-measurement density s'/)(x). The
pre-measurement density pgj ) (x) serves as the input for the NN. The post-
measurement density sU)(x) is the desired output of the NN. By minimizing

the square distance between the desired output s'/)(x) and the network

(7)

generated output (py” * q)(x) we let the network learn our filter g(x):

nmfZ/MQwhWﬂ (%)) 63)

After the NN has achieved a high performance on the training test, we verify
our model’s capability to generalize by applying it to a validation set, i.e.,
pairs of inputs and outputs not contained in the training data. Importantly,
the validation set contains samples of correlated particles, whereas the
training set is composed only of single-particle examples. The learned filter
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passed the test with great performance. In the second step of the density
reconstruction, we apply a 1D deconvolution [267, 268] with the learned
filter q(x) choosing one of the many available libraries.

Finally, we tested our measurement protocol on several few-body sys-
tems trapped either in a harmonic or in a box potential. Whenever local
density variations ¢ are on a larger scale than the lattice spacing g, the
reconstruction step is not needed, because of small distortions caused by
the lattice ramp. When the variations become comparable to the lattice
spacing, o € [0.5,2]a;, the reconstruction works great and removes most of
dynamical artefacts. For ¢ < 0.5g,, the distortions become too large to be
reasonably recovered. Furthermore, we tested the experimental feasibility
by estimating the effort required to obtain the one-body density with a
reasonable accuracy.

To summarize, our work proposes a measurement protocol for high-
resolution imaging of the one-particle density in non-lattice trapped systems.
In order to achieve a sub-lattice resolution, the position of the lattice needs
to be shifted relative to the trapped system. The measurement protocol
can be modelled as 2D convolution with a quantum PSF. A sophisticated
deconvolution algorithm allows to recover the initial density, as long as
local structures are larger than half a lattice spacing.
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SPECTRAL GRAPH THEORY IN PHYSICS

A graph is a way to visualize a set of elements and a particular type of
relation or interaction between them. This level of abstraction makes graphs
a highly interdisciplinary tool finding applications in sociology, finances,
logistics, informatics, biology, chemistry and physics [273-275]. For example,
a graph may represent friendships among users of a social media platform
such as Facebook, roads between cities, a web of neurons interlinked by
synapses, chemical bonds among atoms forming a molecule or a system of
masses connected by springs.

In this chapter we would like to convey our own motivation to study
physical systems through the lens of graph theory. Can we learn something
new by depicting them as graphs? Each discipline has its own viewpoint
on a graph representation and developed corresponding tools to answer
particular questions. We think it is worthwhile to look beyond the scope
of one’s own field. The change of perspective might reveal some fruitful
insights and, eventually, open new unexpected research directions.

In Section 7.1 we introduce the formal definition of a graph and some
key ideas necessary to understand our contributions. In particular, the du-
ality between graphs and matrices forms a natural bridge which connects
previous chapters to the world of networks. Once equipped with a basic
understanding of graph theory, we dive deeper into the subfield of spectral
graph theory [276—278]. There, one attempts to relate the eigenvectors and
eigenvalues of a graph to its topology and global properties. E. g., eigenvec-
tor centrality [279, 280] quantifies the number and quality of connections for
each element in a network, while the abundance of small symmetry motifs
in a graph manifests itself as singularities in the spectral density. Among
recent developments, we are particularly excited about vertex cospectrality
and isospectral reduction.

Cospectrality of a vertex pair (Section 7.2) has a flavour of mystery. It
imposes a parity relation among two components of any eigenvector. A
permutation symmetry of a graph is known to induce such a relation. The
issue is that many graphs have eigenvectors with such parity without any
exchange symmetries behind it. We shed light on this peculiar property. In
our contribution (Section 7.3) we show that these eigenvectors have even
more structure than just parity. Furthermore, we develop a novel generator
of cospectral graphs, a hot topic in spectral graph theory.

Isospectral reduction (Section 7.4) is a way to compress the size of a graph
to a dedicated subset of vertices while preserving the energy spectrum.
Surprisingly, the reduced graph might feature symmetries not present in its
original version. In our contribution (Section 7.5) we demonstrate that these
hidden symmetries are able to explain spectral degeneracies in a graph
which does not have any conventional symmetries.
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7.1 GRAPHS

Historically, graph theory has been the domain of pure mathematicians, a
mere notion of curiosity rather than means of deriving real-world applica-
tions, such as the ‘seven bridges of Kénigsberg’ puzzle'. Nowadays, in the
era of big data and high-performance computing, many fields of science
benefit from and contribute to the developments in graph theory. Graph
theory profited a lot from the arsenal of tools developed in the physical
community, especially in statistical physics [274, 275]. A variety of graph
optimization problems can be formulated as finding the ground state of
an Ising Hamiltonian [281] we have already encountered in the context
of a strongly interacting Bose mixture (Section 4.2). To get a taste of this
complex yet exciting field we recommend some excellent books on this
topic [282—285].

g H

1 ?
N 0 1 1.+
‘/11' 1 2 0
2 .
@ 5 1—2 0 0

Figure 7.1: Duality between a graph and a square matrix.

Formally, in discrete mathematics a graph G, also called a network, is a
structure with two basic elements: a vertex set V and an edge set £ C
V ® V. In short notation, G = (V, £). Typically, a graph is represented by
a diagram (Fig. 7.1 on the left). The vertices v; € V), also called sites or
nodes, are depicted as points or circles. The edges (v;,v;) € &, also referred
to as couplings or links, are drawn as arrow curves connecting vertex
pairs with the arrow pointing from v; towards v;. By default, all edges are
assumed to be of equal significance. However, depending on the problem a
scalar weight w;; € C might be attached to the corresponding edge (v;, v;)
(“weighted edge”). Whenever v; and v; are symmetrically connected, i.e.,
(vi,vj) € &, (vj,v;) € € and w;; = wj;, the two directed edges are replaced
by a single curve without any arrows (“undirected edge”). An edge (v;, v;)
connecting vertex v; to itself is depicted as a loop. For the graph in Fig. 7.1,
we have V = {1,2,3} and £ = {(1,1),(1,2),(2,1),(1,3),(3,1)} with the
corresponding edge weights W = {2,1,1,1+1,1 —i}.

We remark that the geometrical arrangement of vertices in Euclidean
space is arbitrary and not a part of the graph definition. Naturally, one
desires a graph drawing that is easy to read and understand. There are mul-
tiple metrics regarding the aesthetics of graph drawings [286, 287], such as
minimizing the number of edge crossings or maximizing the orthogonality

Back in 1736 in the city of Konigsberg, now Kaliningrad, there was a conundrum about
whether it is possible to cross the city using all of seven bridges only once. The mystery was
solved by Euler who laid the foundation of today’s graph theory.
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of edges. The final choice depends on the question asked and the personal
taste. Our preference is to maximize the perception of graph symmetries.

A fundamentally important property of graphs is their correspondence
to square matrices. Specifically, for a N x N matrix Hg the basis vectors
|¢;) correspond to vertices v;, while the matrix elements /;; are mapped to
edges (v;, v;) with weights w;; = h;; and h;; = 0 implying no edge, e.g., see
Fig. 7.1.

At this point one might ask: why does one need to draw a matrix as
a graph? Our answer to this: because the topology of graph’s relations
determines its function such as the spread of information or the robustness
to perturbations. What a better tool to recognize some regularities or to
reveal some patterns than the human eye, a remarkable tool for visual anal-
ysis coupled with the creativity element of the brain to produce innovative
conjectures which can then be systematically tested using the sophisticated
tools of linear algebra. A picture is often worth a thousand words and can
convey information in an enlightening or evocative way. Surely, for large
networks containing billions of elements such a picture might be rather con-
fusing. For that reason, one attempts to approach large complex networks
with a bottom-up perspective, i.e., by first developing an understanding of
smaller graphs. This has the same spirit as the previous chapters on few-
body systems in the attempt to learn more about the many-body behaviour.
For that reason we believe that graphs and matrices complement each other
giving rise to a symbiotic relationship: linear algebra provides efficient tools
to approach many graph-related problems, which then provide information
about the structure and function of the underlying matrix.

In physics, we are often confronted with matrices, usually in the context
of solving the eigenvalue problem H [¥;) = E; [¥;). So far, we dealt with
this problem on several occasions. To this end, the system operator H is
represented as a matrix by choosing a finite basis set?, i.e., (¢;|H|¢;) = hij,
which is subsequently diagonalized. Here, we use novel developments from
spectral graph theory, namely cospectrality and isospectral reduction, to
gain information about the eigenstates and eigenvalues of a matrix before
the diagonalization step is done.

7.2 COSPECTRALITY AND LOCAL PARITY OF EIGENVECTORS

It is well-known that geometrical symmetries greatly simplify the treatment
of physical systems in terms of interpretability and computational complex-
ity. In the previous chapters, the global-reflection symmetry of the harmonic
trap allowed the notion of even and odd parity eigenstates. This helped us
a lot for clarifying the breathing response of a Bose mixture and to reduce
the numerical effort by block-diagonalizing the Hamiltonian.

Sometimes, the basis is motivated by the underlying physics, e.g., internal coordinates of
a mass-spring system when solving for the vibrational modes of a molecule or localized
atomic orbitals to obtain the electronic band structure of the tight-binding model. More
often though, the basis is selected for its numerical convenience, such as analyt1c1ty, or
is motivated by an intuition, such as splitting an operator into two parts H = Hy+ My,
containing a solvable term Hy and a perturbative term Hj.

53



54

SPECTRAL GRAPH THEORY IN PHYSICS

In a randomly generated graph symmetries are rare, even more so when
the edges are heterogeneous (non-uniform). Many real-world networks are
by far not random, but rather ‘small-worlds’3 [288] with a lot of structure,
patterns and symmetries. Typically, they display an asymmetric core (the
skeleton) and a large number of relatively small symmetric motifs attached
to it [289—292]. It is a hot topic of current research to figure out how these
motifs emerge, what shapes they typically take and what effect they have
for the network function. In particular, we are interested in identifying
relations between symmetries and spectral properties of a graph [276—278].
For example, sharp peaks are very common in the spectral density of a
real-world network indicating highly degenerate eigenvalues, which can be
often traced to the symmetries of a graph.

Figure 7.2: All the eigenvectors of depicted graphs have a definite parity among
red (blue) coloured vertices. Permutation symmetries impose parity re-
lations for graphs in the first row. There are no permutation symmetries
for graphs in the second row.

The geometrical symmetry of a graph § is a structure-preserving transfor-
mation of a graph onto itself, known as the graph automorphism. Formally, it
is a permutation of vertices 7t : V — V, such that whenever two nodes are
joined by an edge, so are their images, i.e., (v;,v;) € € < (7(v;), (v})) € €.
On the matrix level, the above mapping corresponds to a permutation ma-

3 A network having the small-world property is characterized by i) the neighbours of a given

vertex are very likely to be adjacent to each other and ii) the distance between any two
vertices is on average short compared to the size of the network.
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trix* P, acting as a symmetry transformation on Hg, i.e., P; 1H-P, = Hg.
In the following, we employ the cycle notation for permutations, e. g., for
a graph with four vertices V = {1, 2,3,4} the permutation 7 = (1,3,2)(4)
implies a 3-cycle 71(1) = 3, 1(3) =2, m(2) =1 and a 1-cycle 77(4) = 4. For
brevity, we drop fixed points of a permutation, i. e., 1-cycles. For example,
we abbreviate (1,3,2)(4) as (1,3,2).

Graph automorphisms have a huge impact on the eigenvectors of the
corresponding matrix. For the highly symmetric graph in Fig. 7.2 (first row
on the left) we have in total seven permutation symmetries. One part of
them can be interpreted ‘geometrically” as reflections along dashed lines:
(1,2), (3,4), (1,4)(2,3) and (1,3)(2,4). The other part as rotations by /2
((1,3,2,4)), 7 ((1,2)(3,4)) and 371/2 ((1,4,2,3)). All the eigenvectors gb’(k)
have a very beautiful structure, namely any pair of eigenvector components
either fulfils or in case of degeneracies can be chosen to fulfil |q)fk)| = |(p](k) |.
In fact, just a single automorphism is enough to induce a relation among
eigenvector components, e. g., see Fig. 7.2 (first row on the right), where the
only automorphism (1,2)(3,4) imposes \q)gk)| = |q)§k)\ and |(p§k)| = \(pik)|.

In contrast, the second row graphs in Fig. 7.2 have no automorphisms,
yet their eigenvectors feature local parity on the red coloured vertices.
What is the reason behind this mysterious structure of eigenvectors? The
explanation has been provided by graph theoreticians: it turns out, the
red vertices, labelled as u and v, are what they call cospectral [293, 294].
Vertex cospectrality turns out to be an important ingredient to realize a
high-efficiency state transfer between two qubits of a quantum network
[MPS, 295].

Cospectrality has many facets. We want to discuss a few of them which
we think are particularly illuminating. First, what does it have to do with
the spectrum? It turns out the vertex-deleted sub-graphs® G/u and G /v,
share the same spectrum, i.e., (G /u) = 0(G/v) (cospectral graphs). It is
not surprising for the left graph in the second row of Fig. 7.2, where the
vertex-deleted sub-graphs are the same. It is not obvious at all for the right
graph in the second row of Fig. 7.2. Cospectral graphs have drawn a lot
of attention in the attempt to answer the question of when the spectrum
of a graph uniquely determines its topology [296—301]. Learning from the
spectral information is also a relevant topic in physics and chemistry where
methods such as absorption and emission spectroscopy are used to draw
conclusion about the composition and physical structure of matter.

Another peculiarity of the cospectral pair u and v is the relation (H¥),,, =
(H)yp valid for all matrix powers k. In graph language, the powers of
a matrix have a very convenient interpretation in terms of walks. This
viewpoint was very helpful and enlightening for us. A walk of length k
is a sequence of k edges {ej,- -, e} where the out-vertex of an edge e;
coincides with the in-vertex of the follow-up edge e; ;. The weight of a

4 The matrix elements of (Py);; are obtained from the identity matrix by a permutation of
rows, i.e., (Pn),-/]- = ‘571(1'),]‘ with ‘5i,j the Kronecker delta.

5 A sub-graph G/S is a graph obtained from G = (V, £) by removing the vertex subset S C V
and the corresponding edges (v;,v;) € £ if v; € Sorv; € S.
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walk amounts to the product of individual weights of participating edges,
i.e., [Tf w(e;). For an unweighted graph, (H¥);; gives the total number of
distinct walks of length k starting at vertex i and terminating at vertex j.
For a weighted graph, (H* )ij is the sum over corresponding walk weights.
Thus, vertex pair cospectrality can be interpreted as a symmetry of walks.

Lastly, there is an orthogonal symmetry Q, i.e., Q"'HsQ = Hg, respon-
sible for the local parity of eigenvectors |(p£,k)| = |goz(,k)| on the two cospectral
sites. Q is a hybrid block-symmetry with a geometrically interpretable block
and a general transformation block unrelated to permutations. Specifically,
Q performs a 2-cycle permutation on the cospectral sites, i.e., g(1) = v and
q(v) = u, and a weighted linear mixing involving the remaining vertices.
The former imposes local parity on u and v. As a final remark, it can be
easily verified, based on the above mentioned properties, that in the first
row graphs in Fig. 7.2 any two vertices of the same colour are cospectral.
Thus, local parity relations among eigenvector components are generally
caused by orthogonal block symmetries Q having a permutation block,
while the conventional vertex-exchange symmetries P, is a subset of these.

7.3 PREFACE: GENERATOR OF COSPECTRAL GRAPHS

When we first stumbled upon eigenvectors with local parity in the absence
of geometric symmetries, we were eager to investigate this phenomenon in
more detail. But where does one get such exotic examples? There is a rich
literature on generating pairs of graphs having the same spectrum, such as
the Godsil-McKay switching [293] and its several generalizations [302, 303],
the graph product [304], cousin vertices [305], the partial transpose [306],
cloning [307] and overgraph extensions [308]. However, the available tools
have been rather restricted with multiple subtle conditions to be fulfilled.

To be of practical relevance, we yearned for a LEGO kit to systematically
generate arbitrarily large cospectral networks, ideally with inhomogeneous,
tunable edge weights. To this end we created a database [MP8] of connected
graphs with uniform edges having up to eleven vertices and without any
automorphisms. This set was searched for graphs having at least one pair of
cospectral vertices®. The filtered database, composed of millions of examples,
turned out to be extremely useful on our graph journey.

Given that cospectrality is a symmetry of walks, we thought about
symmetry-preserving perturbations of a graph G with cospectral vertices
u and v [MP6]. One such perturbation can be realized by coupling an ‘im-
purity” vertex c to a subset M C V with uniform edges, see Fig. 7.3 (top).
Whenever successful, we looked at the matrix powers HF. After some large-

To check whether a pair of vertices is cospectral, one needs to verify (H*),, = (H*)yy across
all powers of a matrix, which seems to be an unfeasible task. Luckily, the Cayley-Hamilton
theorem states that a square matrix fulfils its own characteristic polynomial. Thus, it is
sufficient to verify the equality only for the first # — 1 powers of a square matrix with n the
matrix order.



7.3 PREFACE: GENERATOR OF COSPECTRAL GRAPHS

scale analysis on the database we discovered a pattern, namely whenever

Z (Hk)uz =P Z (Hk)vz #0 (7.1)

zeM zeM
was fulfilled with p = £1, a perturber vertex c could be connected uniformly
to M without breaking the vertex cospectrality, see Fig. 7.3 (middle). Using
the walk interpretation of matrix powers mentioned in Section 7.2, Eq. (7.1)
implies that the cumulative amount of walks leading from u to M is the
same as from v to M for any walk length. We termed M as a (uniform)
multiplet. Importantly, the newly coupled vertex ¢ becomes also a multiplet,
namely a singlet, i.e., (H"),. = p(H"),. This allows us in the next step
to connect an arbitrarily large subsystem G’ to ¢ without violating the
cospectrality relation of u and v, see Fig. 7.3 (bottom). Later, we generalized
multiplets to be non-uniform, i. e., the perturber might be connected with
weighted edges, and established interconnections among existing multiplets
as yet another form of perturbation allowing to alter the topology of the
initial graph.

Figure 7.3: Top: Given a graph with a cospectral vertex pair {u, v}, is there a way to
connect a perturber vertex ¢ without destroying the underlying cospec-
trality? Middle: There are vertex subsets, called multiplets M defined
in Eq. (7.1), which allow for such a symmetry-preserving perturbation,
e.g., M = {3,7} is a multiplet w.r. t. {#, v} in the depicted graph. Bot-
tom: The added vertex ¢ becomes a singlet, i.e., a multiplet composed
of a single vertex. A singlet allows in the next step to connect an arbi-
trarily large graph exclusively to it without breaking the cospectrality
of {u,v}.

Furthermore, we observed that eigenvectors obey a certain relation on
the multiplet set M depending on the local parity on u and v. For p = +1
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the negative-parity eigenvectors fulfil }_,, -1 ¢ = 0, i. e., the sum of vector
components vanishes on this set. The same is true for p = —1 and the
positive-parity eigenvectors. We note that Eq. (7.1) can not be simultaneously
fulfilled for p = +1 and p = —1 if M is fixed. This implies that each
multiplet M poses a restriction either on even or odd eigenstates. The
relation among eigenvector components becomes modified with scalar
vertex-dependent weights in the generalized version of multiplets. Overall,
we have been very impressed by the amount of structure in the eigenvectors.

As a direct application, we used these insights to construct flat bands in
tight-binding lattice systems [MP11]. A flat band relies on compact localized
states, i.e., eigenstates with a compact spatial support [309, 310]. In the
simplest case, they are localized inside a single unit cell, and with zero
amplitude outside. We start with a disconnected lattice where the unit cell
is a graph with a cospectral vertex pair. In the next step, following the rules
in [MP6] we interconnect adjacent unit cells periodically while preserving
the cospectrality inside each individual cell. At the same time, taken any
cell as a reference, all the vertices outside are made singlets. Owing to
the multiplet condition for eigenvectors mentioned above, a cell-internal
negative-parity eigenstate will vanish on all singlets, i. e., it is not perturbed
by the interconnection. Thus, it is also an eigenstate of the connected lattice
and is localized. The shifted duplicate of this state occurs in every other
unit cell, thus yielding a highly-degenerate flat band.

7-4 ISOSPECTRAL REDUCTION AND LATENT SYMMETRIES

Another useful graph-theoretical tool we want to discuss is isospectral
reduction of graphs [311]. Real-world networks are usually large and have
a complex topology making their analysis a challenging task. It would be
of advantage to have ways allowing us to shrink a graph G to a smaller
version Gs with less vertices while preserving some of its fundamental
properties. In particular, we are interested in keeping the energy spectrum
0(G) = {A € C|det(Hg — A1) = 0}. For matrices with scalar entries, this
is an impossible task. The matrix of a reduced graph will be of a lower
dimension. By the fundamental theorem of algebra it will have less eigen-
values than the original graph?. But what if, in the process of dimension-
ality reduction, the entries of the shrunk matrix would become functions
m(A) of the spectral parameter A? The spectrum of the reduced graph
0(Gs) = {A € C|det(Hg,(A) — A1) = 0} would be capable of holding more
eigenvalues than its dimension. E. g., the following matrix

4 6+A
0
I |
Rppsay = 644 6+tA 13
X A A
11 0 0

A polynomial of degree n with complex coefficients has exactly n complex roots (counting
multiplicities). The degree of the characteristic polynomial of a square matrix equals the
order of that matrix.
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has six eigenvalues and is depicted as a graph in Fig. 7.4 on the right.

To arrive at such a representation, let us partition the vertex set V of a
graph into two disjoint parts Sand S,i.e.,, V = SUS and SN S = @. The set
S is the target set we want to keep while the complement S contains vertices
to be discarded in the reduction process. We can view the corresponding
matrix Hg as two subsystems, Hgs and Hgg, coupled via Hgg and Hgg:

H Hce
Hg = ( > 55>. (7:2)
Hgs Hgg

Isospectral reduction [312] Rg(A) of the above matrix over the set S is
defined as:

Rs(A) = Hss — Hgg(Hgs — A1) ' Hgg. (7.3)

Importantly, the matrix elements of Rg(A) are rational functions p(A)/q(A)
with polynomials p(A) and g(A) having complex coefficients. E.g., the
graphs in Fig. 7.4 are obtained by reducing the first graph in the second row
of Fig. 7.2 over S = {u,v} and S = {1,2,3,4}. They have the same energy
spectrum as the original graph and, moreover, the eigenvectors of reduced
matrices are related to their full-size counterparts® [313]. Such a reduction
can be performed in multiple steps S; O - - - D S,,. The order does not affect
the final outcome, which is equivalent to a right away reduction over the
terminal set S,,.

—26 + 12X\ + 13)2

=4+ \?)
13 + 6
—4+ N2

—26 + 12X\ + 13)\?
AM—4+ \2)

Figure 7.4: Isospectral reduction of the first graph in the second row of Fig. 7.2.
Left: Reduction over S = {u, v}. Right: Reduction over S = {1,2,3,4}.
Both graphs have the same spectrum.

Isospectral reduction is a relatively young research branch of graph theory.
So far, it has been applied to several problems including the dynamics in
networks with time-delayed interactions [314, 315], improved estimates
for the eigenvalues of a matrix [316] and the stability of pseudo-spectra to

8 If ¢ is an eigenvector of H and its eigenvalue A is not contained in the spectrum of the
sub-matrix Hgg, then the projection @g is an eigenvector of Rg to the same eigenvalue.
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perturbations in the context of linear mass-spring networks [317]. Isospectral
reduction is intimately related to the famous Schur complement [318].
Moreover, the technique has been known in the physics community in the
context of renormalization group theory used to describe the physics of atoms
and molecules interacting with quantized electromagnetic fields [319, 320].
A decimation procedure, known as the Feshbach-Schur projection method,
allows to derive an effective Hamiltonian, the same as Eq. (7.3), describing a
subsystem S “dressed’ by an environment S. The impact of the environment
is carried by the so-called self-energy [321] Lss(A) = Hgg(Hgs — A1) ' Hgg.
The self-energy can be well understood by applying the interpretation of
walks mentioned in the previous section, i. e., it describes the process of a
single-link jump from S to S, a multi-step propagation?® in S and, finally, a
single-link back jump from S to S.

What fascinates us the most about isospectral reduction is the notion of
latent symmetries [324]. A latent symmetry is a geometrical symmetry of
the reduced graph, i.e., an automorphism of Rgs. For any automorphism
present in G, there is at least one set of latently symmetric vertices. However,
not every latent symmetry can be traced back to an automorphism in G.
Thus, it is an extension of conventional permutation symmetries. As an
example, compare the left graph in the second row of Fig. 7.2, having
no automorphisms, to its reduction over S = {u,v} in Fig. 7.4 (on the
left), which does have a 2-cycle permutation (1, v). Since the eigenvectors
of the reduced graph R are projections of original eigenvectors ¢(¥) on
the corresponding set S, as was shown in [313], we get yet another way to
explain local parity of eigenvectors on cospectral vertices, i.e., |(pl(4k) | = |goz(,k) |-
This is no coincidence: for a real symmetric matrix the cospectrality of a
vertex pair S = {u, v} is equivalent to isospectral reduction over S being a
2 x 2 bisymmetric matrix [325].

Latent symmetry can be analysed at different scales to infer how deep
it is hidden within a network. One can define a visibility measure M =
mTax(\T| —1S])/(|V| — |S]). Formally, one needs to identify the largest su-

perset T, satisfying S C T C V, for which the isospectral reduction Rt
reveals a permutation symmetry on the set S. In the limiting cases, T = V
implies visible in the unreduced graph G (M = 1), while T = S signifies
not revealed when reducing over any larger subset (M = 0).

Latent symmetries have been shown to exist in real-world networks
[324]. Importantly, they determine a number of functional and structural
properties of a graph the same way the conventional symmetries do, i.e.,
they are of equal or maybe even of a greater importance for the network.
To demonstrate the power of this formalism, let us discuss one of our own
ideas, where spectral degeneracies, seemingly accidental, can be explained
by latent symmetries.

A matrix inverse can be expanded in terms of matrix powers using the Cayley-Hamilton
theorem [322, 323].
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7.5 PREFACE: LATENT SYMMETRIES INDUCED DEGENERACIES

Symmetries play an important role in physics and chemistry. For the ma-
jority of problems, the theoretical treatment reduces at some point to a
matrix description. Matrix diagonalization is one of the most expensive
numerical operations having a complexity of O(n3) where 1 is the matrix
dimension. Any methods allowing to partition a matrix into decoupled
blocks are extremely valuable as they speed up calculations and make
larger system sizes accessible. Group theory is one of the oldest techniques
for this purpose. Explicitly, a group of symmetry operations commuting
with a given Hamiltonian allows to switch to an efficient representation
by a similarity transformation, where symmetry-adapted basis functions
belonging to different symmetries are not coupled by the Hamiltonian.
Furthermore, the degeneracy of eigenvalues is closely related to the repre-
sentation theory. In particular, non-abelian'® symmetry groups are known to
induce degeneracies in the energy spectrum.

Conventionally, the symmetries one is looking for have a geometrical
interpretation, such as the molecular point group in chemistry or the space
group in crystallography. However, there are plenty of systems, where such
symmetries alone do not suffice to explain all the multiplicities of energy
eigenvalues. Whenever this happens, the degeneracy is called accidental
because Schur’s lemma does not constrain eigenvalues belonging to distinct
irreducible representations to be different. It may well be that by accident,
they happen to coincide for no particular reason. The prime examples are
the molecular potential energy surfaces intersecting at some isolated points
of a multidimensional parameter space. Actually, we observed a similar
type of degeneracy in the spectrum of the 2+2 Bose mixture [MP1] as the
coupling parameter was varied.

On the other hand, it is tempting to think that we overlook some higher
order symmetry. In fact, the history of quantum mechanics knows a couple
of examples where such was a case [326-328]: the hydrogen atom where the
spherical symmetry group SO(3), associated with the conservation of the
total angular momentum, accounts only for the degeneracy in the quantum
number m of the z-projection of the angular momentum, but not for the
degeneracy in the quantum number [ of the total angular momentum. The
mystery was resolved by a higher dimensional symmetry group SO(4) and
an additional conserved quantity, being the Runge-Lenz vector. Another
fruitful example is the well-known isotropic harmonic oscillator, where for
instance in 2D the cylindrical symmetry SO(2) would allow only for two-fold
degenerate eigenvalues, whereas the degeneracy of the n-th excited state
is in fact proportional to the number of ways n can be decomposed into a
sum of two positive integers, which is n 4 1. It turned out that the special
unitary group SU(2), a supergroup of SO(2), is responsible for observed
degeneracies.

In our work [MP7], we provide our own viewpoint on degeneracies
being accidental. We argue that in some cases, the degeneracies might be

10 A group of symmetries is called non-abelian if some of its elements do not commute.
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explained in terms of latent symmetries, i. e., conventional symmetries of an
effective Hamiltonian obtained by isospectral reduction. The major benefit
of this approach as compared to other effective descriptions is that the
spectrum of the initial model remains largely'* preserved and is encoded
in the self-energy which depends on the spectral parameter A.

Thus, whenever an isospectrally reduced matrix can be similarity trans-
formed into m non-equivalent irreducible blocks by group theory arguments,
the j-th block will be either a A-function multiple of an identity matrix, i.e.,
bj(A)1y, or a direct sum of d; copies of a A-dependent matrix B;(1), i.e.,

ol Bj(A), where d; is the dimension of the irreducible representation. In
the next step, we solve either bj(A) — A = 0 or det (Bj(A) —A) = 0. Each
solution will be an eigenvalue of Rg, but also of the initial matrix H, and it
will occur dj-times!

a(N)

Qﬂ)

b(\) b(\)

Y
T

Figure 7.5: Hidden symmetry group behind degeneracies. Left: A graph with two-
fold degeneracies but no permutation symmetries. Right: C3, symmetry
of a reduced graph Rg(A) with S = {1,2,3}.

For a sneak-peak, see Fig. 7.5. The graph on the left has no permutation
symmetries. Nevertheless, it has two doubly degenerate eigenvalues: —1
and 2. The reduced graph on the right features the symmetry group Cs,.
As the group is non-abelian, it enforces blocks with degenerate entries.
Explicitly, we perform a similarity transformation T, which gives

bi(A) 0 0
T'Rs(MT=| 0 &) 0 |- (7.4)

We evidence a structural degeneracy of bi(A) = 1+ 2/A. The equation
b1(A) — A = 0 has two solutions: A = —1 and A = 2, thus giving rise to the
two degeneracies of the original graph in Fig. 7.5. Latent symmetry is a step
beyond conventional tools of symmetry analysis and it offers alternative
ways to interpret spectral degeneracies of physical models.

The energy spectrum of the reduced matrix Rg from Eq. (7.3) is composed of eigenvalues
of the original matrix H (including multiplicities). However, in case an eigenvalue of H
happens to be also an eigenvalue of the sub-matrix Hgg, it will be not contained in the
spectrum of Rg, i.e., 0(Rg) = 0(H) — 0(Hgg) with o denoting a multi-set of eigenvalues.
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Abstract

We investigate a few-body mixture of two bosonic components, each consisting of two particles
confined in a quasi one-dimensional harmonic trap. By means of exact diagonalization with a
correlated basis approach we obtain the low-energy spectrum and eigenstates for the whole range of
repulsive intra- and inter-component interaction strengths. We analyse the eigenvalues as a function
of the inter-component coupling, covering hereby all the limiting regimes, and characterize the
behaviour in-between these regimes by exploiting the symmetries of the Hamiltonian. Provided with
this knowledge we study the breathing dynamics in the linear-response regime by slightly quenching
the trap frequency symmetrically for both components. Depending on the choice of interactions
strengths, we identify 1 to 3 monopole modes besides the breathing mode of the centre of mass
coordinate. For the uncoupled mixture each monopole mode corresponds to the breathing oscillation
of a specific relative coordinate. Increasing the inter-component coupling first leads to multi-mode
oscillations in each relative coordinate, which turn into single-mode oscillations of the same frequency
in the composite-fermionization regime.

1. Introduction

The physics of ultra-cold atoms has gained a great boost of interest since the first experimental realization of an
atomic Bose—FEinstein condensate [1, 2], where research topics such as collective modes [3—5], binary mixtures
[6, 7] and lower-dimensional geometries [8—10] were in the focus right from the start. In most of the
experiments on ultra-cold gases the atoms are but weakly correlated and well described by a mean-field (MF)
model, the well-known Gross—Pitaevskii equation (GPE), or in case of mixtures by coupled GPEs [11-13]. Bose—
Bose mixtures exhibit richer physics compared to their single component counterpart. For instance, different
ground state profiles can be identified depending on the ratios between the intra- and inter-species interaction
strengths, being experimentally tunable by e.g. Feshbach resonances (FRs) [14]: the miscible, immiscible
symmetry-broken (SB) or immiscible core—shell structure, also called phase separation (PS) [15-17].
Comparing the experimentally obtained densities to numerical MF calculations [18, 19] provides a sensitive
probe for precision measurements of the scattering lengths or, if known, the magnetic fields used to tune them
[16]. Another possibility to access the interaction regime and thus the scattering lengths is by exciting the system
and extracting the frequencies of low-lying excitations [20]. In contrast to a single-species case the collective
modes of mixtures exhibit new exciting phenomena: doublet splitting of the spectrum containing in-phase and
out-of-phase oscillations, mode-softening for increasing inter-component coupling, onset of instability of the
lowest dipole mode leading to the SB phase as well as minima in the breathing mode frequencies w.r.t.
interaction strength [21-23].

The breathing or monopole mode, characterized by expansion and contraction of the atomic density, has in
particular proven to be a useful tool for the diagnostics of static and dynamical properties of physical systems. It

©2018 The Author(s). Published by IOP Publishing Ltd on behalf of Deutsche Physikalische Gesellschaft
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is sensitive to the system’s dimensionality, spin statistics as well as form and strength of interactions [24-27]. In
the early theoretical investigations on quasi-one-dimensional single-component systems [28] it was shown that
different interaction regimes can be distinguished by the breathing mode frequency, which has been used in
experiments [10, 29, 30]. Furthermore, the monopole mode provides indirect information on the ground state
[31], its compressibility [32] and the low-lying energy spectrum such that an analogy has been drawn to
absorption/emission spectroscopy in molecular physics [27].

From a theoretical side, those of the above experiments which are concerned with quasi-1D set-ups are in
particular interesting, since correlations are generically stronger, rendering MF theories often inapplicable.
Here, confinement induced resonances (CIR) [8] can be employed to realize the Tonks—Girardeau limit [33, 34],
where the bosons resemble a system of non-interacting fermions in many aspects. While this case can be solved
analytically [35, 36], strong but finite interactions are tractable only to numerical approaches, which limits the
analysis to few-body systems. For instance, a profound investigation of the ground state phases of a few-body
Bose—Bose mixture [37, 38] showed striking differences to the MF calculations: for coinciding trap centres, a
new phase with bimodal symmetric density structure, called composite fermionization (CF), is observed while
SBis absent for any finite inter-component coupling. Only in the limit of infinite coupling the ground state
becomes two-fold degenerate enabling to choose between CF and SB representations [39], while the MF theory
predicts the existence of SB already for finite couplings. This observation accentuates the necessity to include
correlation effects.

In this work we solve the time-independent problem of the simplest Bose—Bose mixture confined in a quasi-
1D HO trap with two particles in each component, covering the whole parameter space of repulsive intra- and
inter-species interactions, thereby complementing the analysis of some previous studies [39—41]. To accomplish
this, an exact diagonalization method based on a correlated basis is introduced. We unravel how the
distinguishability of the components renders the spectrum richer and complexer compared to a single
component case [42]. Furthermore, these results are used to investigate the breathing dynamics of the composite
system. While the breathing spectrum of a single component was recently investigated comprehensively in
[43-49], reporting a transition from a two mode beating of the centre of mass {2y and relative motion 2,
frequencies for few atoms to a single mode breathing for many particles, the breathing mode properties of few-
body Bose—Bose mixtures are not characterized so far. For this reason, we analyse the number of breathing
frequencies and the kind of motion to which they correspond in dependence on the intra- and inter-component
interaction for the binary mixture at hand.

This work is structured as follows. In section 2 we introduce the Hamiltonian of the system. In section 3 we
perform a coordinate transformation to construct a fast converging correlated basis. Using exact diagonalization
with respect to this basis we study in section 4 the low-lying energy spectrum for various interaction regimes.
Section 5 is dedicated to the breathing dynamics within the linear response regime. An experimental realization
is discussed in section 6 and we conclude the paper with a summary and an outlook in section 7.

2. Model

We consider a Bose—Bose mixture containing two components, which arelabelled by o € {A, B}, confinedina
highly anisotropic harmonic trap. We assume the low temperature regime, where the inter-particle interactions
may be modelled via a contact potential, and strong transversal confinement allowing us to integrate out frozen
degrees of freedom leading to a quasi-1D model. Our focus lies on a mixture of N, = 2 particles, which have the
same mass 1, = m and trapping frequencies w;,, | = wy, w,,| = w in the transversal, longitudinal direction,
respectively. This can be realized by choosing different hyperfine states of the same atomic species. By further
rescaling the energy and length in units of /aw and ap, = +// / (inw) one arrives at the dimensionless
Hamiltonian:

H=> H, + Ha, (@))

a

with the single-component Hamiltonians H,

oo 192 1, s 5
o= ; *Eax;i + P +8,0(x51 — X4,2), @)
and inter-component coupling H,p
2
Hyp = gup O 6(xai — x5,)s 3)
iji=1

where g~ (2aZPwy) / (wap,) with 2P the 3D s-wave scatteringlength and o € {A, B, AB} are effective (off-
resonant) interaction strengths.
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3. Methodology: exact diagonalization in a correlated basis

To obtain information on the low-energy excitation spectrum we employ the well-established method of exact
diagonalization [50]. However, instead of taking bosonic number states w.r.t. HO eigenstates for the underlying
basis as done in e.g. [40], we pursue a different approach by using a correlated atom-pair basis. This allows us to
study arbitrary intra-component interactions g _(even infinity) exactly, whereas HO number states are much
more inefficient in handling strong intra-component interactions. At the same time our method converges
quickly for inter-component couplings g, < 10 requiring at most 700 basis states. In comparison, a
straightforward treatment in the laboratory frame requires typically ~10> HO number states for obtaining
converged ground-state results [38]. For even larger g4 3 couplings, the chosen basis becomes less appropriate
such that our basis size has then to be significantly increased in order to obtain accurate results. Going, however,
beyond g,, = 10 would not give qualitatively new physical phenomena. Essentially all effects of the strong-
coupling regime can be investigated by studying the crossover from g, , = 0to g,, = 10.

Actually, the idea of choosing optimized basis sets to speed up the convergence with respect to the size of
basis functions can be also seen in the context of the potential-optimized discrete variable representation [51].
Here, one employs eigenstates of conveniently constructed one-dimensional reference Hamiltonians in order to
incorporate more information on the actual Hamiltonian into the basis compared to the standard DVR
technique [52, 53]. Another approach, stemming from nuclear physics, uses an effective two-body interaction
potential instead of an optimized basis for solving ultra-cold many-body problems [54-56].

In order to construct a tailored basis, which already incorporates intra-component correlations, we apply a
coordinate transformation to the relative frame ¥ = (Rcy, Rug, 4, 13)! defined by:

+ total CM coordinate

Rem = ZUZ?:IXJJ/4,

« relative CM coordinate

2 2
Rap = %ai/2 =D xi/2,

+ relative coordinate for each 0 component

o = Xg,1 — Xg,2-

>

In this frame, the Hamiltonian (1) attains the following form:

H=Hpey, + Hryy + Y. H, + gupH (4)

o=A,B

Here, the total CM separates, H = Hp,, + Hie|, and is simply governed by a harmonic oscillator (HO)
Hamiltonian with mass M = 4:
1 9 )
Hpey = —=—=—5— + 2Ry )
Rem S OR éM CM
featuring the spectrum EX™ = n + 1/2 with n € N. The remainder of the Hamiltonian can be decomposed
as Hy = Hy + g,5H), where Hy = Hg,, + >_, H, canbesolved analyticallyand H, couples the eigenstates of
H():

1 02 1,
= —— + _R > 6
Rap 5 asz\B 5 ‘AB (6)
0? 1,
Hra = _8_7’3 + Zro + gg'é(rff)’ (7)
2
Hi= 3" 6(RAB DT (—1)]‘%3). ®

ij=1
So Hy,,isa HO Hamiltonian of mass M = 1and H,, leads to the Weber differential equations” for its eigenstates
with delta-function constraint. The corresponding solutions are normalized as well as symmetrized parabolic

®F1) 4+ i+ L = L)) = owithr € Rand p € R.
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cylinder functions® (PCF) @7 (1;) X Dyy(gny(|75]) of the relative coordinate with (g, 1) beinga real valued
quantum number depending on the intra-component interaction strength g, and the excitation level n € Ny,
which is obtained by solving a transcendental equation stemming from the delta-function constraint [57]:
()
g = 22 ~. (9)

TN
Now to diagonalize H, we choose the eigenvectors of Hy as basis states and label them as |k, I, m) with
k, I, m € Ny. Their spatial representation and corresponding eigenenergies read:

(Rag 14, m8lk, 1, m) = @1 (Rag) ] (ra) 1 (18), (10)
[ — 3
Ek,l,m =k+ U(gA’ l) + M(gB’ m) + E> (11)

where ®® are HO eigenstates of Hy,,. We note thatall ! (1,) are of even parity because of the bosonic nature of
the particles of each component.

The main challenge now is the calculation of the matrix elements of H;, which are complicated 2D integrals
at first sight and need to be tackled numerically. In the appendix we provide a circumvention of this problem via
the Schmidt decomposition [58], allowing us to replace one 2D integral by multiple 1D integrals, which results in
faster computation times. In quantum chemistry, the algorithm for achieving such a representation is known as
POTFIT [59]. In the appendix, we moreover point out several symmetries which can be utilized for efficiently
evaluating these 1D integrals and discuss in detail, why our computational strategy is much more efficient than
the direct evaluation of the 2D integrals for the problem at hand.

To summarize, the coordinate transformation to the chosen relative frame (i) decouples the CM motion and
(ii) naturally guides us to employ the analytically known eigenstates of Hy as the basis states in order to
incorporate intra-component correlations into our basis.

4. Stationary properties

By means of the correlated basis introduced above and an efficient strategy for calculating the Hamiltonian
matrix to be diagonalized, we can easily obtain the static properties of our system for arbitrary intra-component
interaction strengths ¢_and inter-component coupling g,, < 10. The most representative choices of
interaction strengths (g,, g5, g,;) are the subject of this section and in order to get a deeper understanding of the
spectral properties a thorough discussion of the symmetries of H is necessary.

4.1. Symmetry analysis

In the laboratory frame, there are only a few obvious symmetries: (i) the total parity Py, (i.e. simultaneous
replacement of all coordinates x,, ; by —x, ;), (ii) an interchange of the two A particles S, or of the two B particles
S, (iii) in the case of equal intra-component couplings g4 = gg a simultaneous interchange of two A particles
with two B particles S,z and (iv) given all couplings to be equal, the exchange S;; of any two particles being
labelled by , j. In the relative frame though, additional symmetries become apparent. The total Hamiltonian H
commutes with each individual parity operator Py, of the relative frame coordinates (Py, replaces Y; by —Y; while
leaving the other coordinates of the relative frame invariant). In these regards, we note that Py, . does not
commute with the individual terms in equation (8) but only with the whole sum of these four terms. The
eigenvectors of P, are restricted to even parity because of the bosonic character of our components,
corresponding to the S, operation. In contrast to the former operations, the symmetry transformations P,
and Py, are highly non-trivial in the laboratory frame involving improper rotations of the four-dimensional
coordinate system. Due to the decoupling of Hg,, it is sufficient to consider only the ground state of the total
CM motion, which is of even Ry parity, in the following. Then, the parity of the R degree of freedom
completely determines the total parity of the eigenstates. Finally, a further symmetry arises if one chooses equal
intra-component interaction strengths g . In this case, the Hamiltonian H is invariant under an exchange of the
relative coordinates r4 < rp, which we define as the S, transformation in the following. Contra-intuitively, S, is
not the same as the S, 3 transformation. In total, the chosen relative frame indicates a set of additional
symmetries, which are hidden in the laboratory frame.

4.2. Energy spectra
In figure 1 we show the total energy spectrum as a function of g4 for various fixed values of g4 and gg. The total

CM is assumed to be in its ground state. Figure 1(a) depicts the non-interacting intra-component scenario

4 72 . . . I . .
6 D,(Ir) = Z%e’TU(féy, ]E’ %rz) with U (a, b, x) denoting the Tricomi’s hypergeometric function.
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Figure 1. Energy spectrum of H as a function of g4 for different fixed g4 and gs. The decoupled total CM is assumed to be in its ground
state. The total parity is thus determined solely by the R, parity and is marked by black lines (even states) and red lines (odd states). In
figures (a) (b) (d) solid curves correspond to symmetric (4-1) and dashed to antisymmetric (— 1) eigenstates under the S, operation.
The indicated (avoided) crossings are exemplary and simply outline specific features. In (b) and (c), we label the excited states which
are relevant for the lowest monopole excitations as discussed in section 5 by the corresponding excitation frequencies {45 etc. The
labels for the ground-state phases are as follows: Bose—Einstein condensate (BEC), Tonks—Girardeau (TG), composite fermionization
(CF), full fermionization (FF), phase separation (PS). All quantities are given in HO units.

g, = 0.For g,; = 0 the Hamiltonian represents two uncoupled non-interacting bosonic species and we will
label this regime as BEC-BEC following the nomenclature of [40]. The eigenenergies are integers with equal
spacings of 7w, which is 1 in our units. In this limit the PCFs are even HO eigenstates of mass m = 1/2. The
eigenenergies are thus Eyo; = ES + E,EOI) "= Eéf)k), m=k + 21+2m+ 2.

For g, = 0, theith eigenenergy corresponding to only even (odd) R 4p-parity eigenstatesis (i 4 2)!/(2!i!)
fold degenerate with i € Ny. Already a small inter-component coupling lifts all these degeneracies such that
branches of eigenenergies arise. In the following, we label these resulting branches as the ith even or odd
R p-parity branch, respectively. Note that this grouping of the energy levels into branches will be used in the
following for all values of g4 and in particular for the analysis of the breathing dynamics in section 5. As we
further increase the inter-component coupling strength, we observe that states corresponding to branches of
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opposite R,p-parity incidentally cross, as they are of different symmetry and consequently not coupled by the H;
perturbation.

For very strong g4 values, i.e. in the CF limit [37, 38], we observe a restoration of degeneracies, butina
different manner, namely the lowest states merge pairwise forming a two-fold degeneracy. In this regime the two
components spatially separate for the ground state, where one component locates on the left side of the trap,
while the other is pushed to the right side due to the strong inter-component repulsion. The two-fold degeneracy
of the ground state reflects actually the two possible configurations: A left Bright and A right Bleft. This
behaviour can be observed in the relative frame densities, discussed later in this section. Another striking
peculiarity for g, , — 00 are non-integer eigenvalues and unequal energy spacings, meaning that for CF no ‘TG-
like’ mapping to a non-interacting HO system exists.

Avery similar analysis concerning this specific choice of interactions (¢, = 0 and arbitrary g, ) was
performed in [39], where an effective interaction approach was employed to greatly improve the convergence
properties of exact diagonalization in order to access properties of a Bose-Bose mixture withupto N = 10
particles. However, the analysis only covered a single line of the (g,, g, g,5) parameter space. Another similar
work [40] deals with the system’s properties for an even wider range of intra- and inter-component interactions,
however the main focus lies on the ground state properties. Here, we extend the analysis of [39, 40] by studying
both the ground state and the low-lying excitations for weak, strong as well as intermediate interactions g .

In figure 1(b) we show the impact of moderate but symmetric intra-component interactions of strength
g = g, = 2.Alreadyin the uncoupled regime (g,, = 0) we observe fewer degeneracies comparedtothe g = 0
case. Nevertheless, we group the eigenstates into branches of even/odd R -parity also for finite g_by
continuously following the eigenenergies to the g — 0+ limit. The reason for the reduced degeneracies is that
the PCFs are not HO eigenstates anymore, while the PCFs of both components coincide pairwise. The
eigenenergies read Eéo,z im =k + p(g 1) + p(g, m) + 2. Toroughly estimate the energetic ordering it is
sufficient to know that the real-valued quantum number 1 (g, n) fulfills for 0 < g < oo the following relations:

c 2n < (g, n) <2n+1

copulgn)+1<pulgn+1) <plgn +2

meaning that a single excitation of the relative motion 7, is energetically below a double excitation of the Ry 5
degree of freedom. E.g. the first even R z-parity branch in the uncoupled non-interacting regime (BEC-BEC in
figure 1(a)) contains three degenerate states: |2, 0, 0),]0, 1, 0)and |0, 0, 1) (equation (10)). By choosing finite
g, values |2, 0, 0) acquires a higher energy than |0, 1, 0) and |0, 0, 1) leading to reduced degeneracies in the
spectrum. Another striking feature is the appearance of additional crossings between states of the same
R,p-parity due to the S, symmetry. States, which possess different quantum numbers concerning the S,
transformation (+1 or —1), are allowed to cross as they ‘randomly’ do throughout the g4 variation. Of course,
such crossings are also present in the previous non-interacting case, it being also component-symmetric. An
avoided crossing between a state of the first even R4 z-parity branch and a state of the second even R g-parity
branch is worth mentioning, which is present for all values of g _(see the exemplary arrow in figures 1(b) or (d)).
States of the same symmetry obviously do not cross according to the Wigner-von Neumann non-crossing

rule [60].

In figure 1(c) we asymmetrically increase the intra-component interactions g_ as compared to the non-
interacting case, namely to g4, = 1 and gz = 2. For the uncoupled scenario (g,, = 0) all the degeneracies are
lifted, because now PCFs of the A and the B components are different. The energy is
Eéok) m =k + (g4 1) + p(gg m) + 2. The energetic state ordering is far from obvious, which becomes
apparent upon closer inspection of the 11 (g, #) function. E.g. consider again the first even R, g-parity branch. Its
lowest energy state is a single excitation of r, followed by a single excitation of 4. The highest energy of this
branch corresponds to a double R 4 excitation. The ordering pattern for higher order branches is even more
complicated. For intermediate values of g4 s we observe that crossings from the previous scenario (with g = 2)
between states of the same R4 p-parity are replaced by avoided crossings because of the broken S, symmetry. The
strong coupling regime displays less degeneracies as compared to the component-symmetric cases of figures 1(a)
and (b) with the two-fold ground state degeneracy remaining untouched.

In figure 1(d) we choose very strong intra-component interaction strengths g = 100. When the
gap-coupling is absent, we have two hard-core bosons in each component. The system can thus be mapped toa
two-component mixture of non-interacting fermions [35, 61] and will be referred to as TG-TG limit. The PCFs
become near degenerate with odd HO eigenstates, which again leads to integer-valued eigenenergies
Eéok) Lm = k + 21 + 2m + 4 with equal spacings and the same degree of (near-)degeneracies as in the non-
interacting case (figure 1(a)). The limit of strong inter-component coupling displays a completely different
structure of the spectrum. The so-called full fermionization (FF) [36] phase can be mapped to a non-interacting
ensemble of four fermions with the ground state energy N2/2 = 8. However, in contrast to the single-
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component case of four bosons, we need to take into account that the components are distinguishable. Thus, the
degeneracy of the ground state is expected to be N!/(N;!Np!) = 6-fold and corresponds to the different
possibilities of ordering the laboratory frame coordinates while keeping in mind the indistinguishability of
particles of each component. This limit of all interactions strengths going to infinity can be treated analytically by
using the so-called ‘snippet’ basis [62, 63].

For strong but finite couplings, i.e. 1 /g, < 1, recent research also unveiled the existence of a mapping to an
effective spin-chain model by employing perturbation theory with respect to the ‘snippet’ basis. Various
intriguing ground-state configurations have been revealed depending on the ratio and the sign of the interaction
parameters: Heisenberg antiferromagnet (AFM) /ferromagnet (FM), Ising AFM/FM and XY phase [64-68].
Such a mapping is applicable not only for Bose—Bose mixtures, but also Bose—Fermi and Fermi—Fermi mixtures
may be treated with this approach.

Thelast case we discuss is the highly asymmetric case g4 = 0 and gz = 100 in figure 1(e). For g, , = 0 (BEC-
TG) one expects, based on the previous considerations, integer eigenvalues Eéok) m = k+ 214+ 2m + 3and
thus equal spacings as for the cases g = 0 and g = 100 depicted in figures 1(a) and (d), because the PCF of the
A component is an even HO eigenstate and the PCF of the B component is degenerate with an odd HO
eigenstate. Very peculiar is the strong coupling case, where we observe a non-degenerate ground state, the so-
called PS phase [40], where the A component occupies the centre of the harmonic trap, while the B component,
in order to reduce its intra-component interaction energy, forms a shell around the A component.

4.3. Relative-frame densities
Let us now inspect the relative-frame probability densities p, (Y;) instead of the usually studied one-body
densities p, (x,) of the laboratory frame as e.g. in [40]. We will see that these quantities can be used to identify
regions of most probable relative distances and provide a more detailed picture of particle arrangements than
their laboratory frame counterparts. Moreover, in the quench dynamics study, the subject of the next section, an
occupation of a certain eigenstate of H will lead to the breathing oscillation of only one relative-frame density,
making it possible to connect different breathing modes to specific relative motions within the system, at least
for the weakly coupled case g,, < 1.

We define these quantities as follows:

AP0 = [T1 d%, KFIE)P, (12)
p=i

where |E;) is the jth eigenstate of H and we trace out all the degrees of freedom of the relative frame Y except
for one.

Let us compare our results concerning the ground state densities for some limiting cases to the ones obtained
in [40]. In figure 2 we show the densities for all the degrees of freedom except for Rcyy, which trivially obeys a
Gaussian distribution. In the BEC-BEC case all the densities are characterized by a Gaussian density profile,
since the Hamiltonian consists of completely decoupled HOs for each degree of freedom.

When the g4 coupling is turned off, the ground state is known analytically: ®32(R,5) 502(&,0) (r4) goﬁ @0 (7B)-

Thus, by tracing out the r,, coordinates we acquire the same pio) (R4p) for arbitrary intra-component
interactions, which explains the identical distributions for the BEC-BEC and TG-TG phase in figure 2(a). While
the PCF ¢} ©.0) (1) is identical to the HO ground state for g = 0, for any finite positive g it splits into two
symmetric peaks with a cusp at the origin, which tends to zero as ¢ — oo [57]. In this limit it becomes equivalent
to the modulus of the first excited HO eigenstate, which explains the shape of the TG-curves in figures 2(b), (c).
We remark that goingbeyond g = 100 does not induce substantial changes on the densities, which justifies our
interpretation of this parameter regime as TG limit.

The CF phase is in some sense a complete counter-part to the TG-TG case. Now pio) (R4p) features two
maxima and a minimum in between, a result of A and B strongly repelling each other. This feature is blurred in
the one-body density distributions p§0) (x,) of the laboratory frame and one needs to additionally consider the
two-body density function p(zo) (x4, xp) to verify this behaviour [37]. The density distribution of pgo) (r,) is more
compressed compared to the BEC-BEC case due to the tighter confinement induced by the other component.

Finally, the PS phase corresponds to a core—shell structure, where p§0) (Rup) and pio) (r4) showamore
pronounced peak, while p*’ () obeys a bimodal distribution with two density peaks being much further apart
than both in the CF and in the TG-TG case. This can be understood in the following way: firstly, the fact that A
locates in the trap centre and not the other way around is because B needs to minimize its repulsive intra-
component interaction energy by separating its particles. Secondly, the need to minimize the repulsive inter-
component energy pushes the B particles even further along the harmonic trap at the cost of increased potential
energy until these two energies balance themselves out. The two A particles are compressed to closer distances as
compared to the BEC-BEC case because of a tighter trap induced by B, while at the same time A modifies the HO

7



74 SCIENTIFIC CONTRIBUTIONS

10P Publishing NewJ. Phys. 20 (2018) 015006 M Pyzhetal

1.0

0.8

0.6

Pl(o)

0.4

0.2

0.0

1.0

Figure 2. Ground state relative frame probability densities: (a) pio) (Ryp) (b) pio) (ra)and (c) pﬁo) (r5). The depicted limiting cases are
BEC-BEC (g, = g, = 0), TG-TG (g, = 100, g, = 0),CF (g, = 0, g, = 10)and PS (g4 =0, g5 = 100, g,; = 10). The labels
for the ground-state phases are as follows: Bose—Einstein condensate (BEC), Tonks—Girardeau (TG), composite fermionization (CF),
phase separation (PS). Note that the pio) (Ryp) distributions in the BEC-BEC and TG-TG regime are identical. All quantities are given
in HO units.

potential to a double well for B. This results in stronger localization of particles, which leads to a more
pronounced peak in the R4z distribution.

5. Breathing dynamics

The spectral properties discussed above can be probed by slightly quenching a system parameter such that the
lowest lying collective modes are excited. Here, we focus on a slight quench of the trapping frequency in order to
excite the breathing or monopole modes being characterized by a periodic expansion and compression of the
atomic density. While in the single-component case two lowest lying breathing modes of in general distinct
frequencies exist, being associated with a motion of the CM and the relative coordinates [24, 43], respectively,
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the number of breathing modes, their frequencies and the associated ‘normal coordinates’” are so far unknown
for the more complex case of a binary few-body mixture and shall be the subject of this section.

Experimentally, breathing oscillations can be studied by measuring the width of the o species density
distribution f dx, x? p; (x4, t) where we have omitted the subtraction of the mean value f dx, x50,(%6 1)
squared, which vanishes due to the parity symmetry. From a theoretical point of view, it is fruitful to define a
breathing observable as > g,ix(f,,‘, whose expectation value is essentially the sum of the widths of the A and the B
component.

To study the breathing dynamics we will perform a slight and component-symmetric quench of the HO
trapping frequency, where our HO units will be given with respect to the post-quench system. The initial state
for this quench scenario is the ground state |¥(+ = 0)) = |Eo),, of the pre-quench Hamiltonian H (wj) with
harmonic trapping frequency wy 2 1, where H (wj) is obtained from equation (1) by multiplying the harmonic
potential terms with the pre-factor w3. Attime t = 0asudden quench is performed to w = 1. The time
evolution is thus governed by the post-quench Hamiltonian H (see equation (1)) as follows:

n
[U(0)) = e H|Eg)y, ~ > cje E|E;), (13)
i=0

where |E;) = |Ej), and ¢; = (Ej|Ey),, is the overlap between the initial state and the jth eigenstate | E;) of the
post-quench Hamiltonian H. Since both the pre- and post-quench Hamiltonian are time-reversal symmetric,
we assume their eigenstates and thereby also the overlap coefficients ¢; to be real-valued without loss of
generality. A small quench ensures that |¢g| ~ 1and only the nlowest excited states are of relevance. Symmetry
considerations further reduce the number of allowed contributions. E.g. states of odd Rcp;-parity or odd

R4 p-parity have zero overlap with |Ey),,,, because the initial state is of even Roy- and R 4p-parity and the quench
does not affect any of the symmetries discussed in the previous section. Similarly, in the component-symmetric
case g4 = gp, States, which are antisymmetric w.r.t. the S, operation, have no overlap with the pre-quench
ground state being symmetric under S,.

For the weakly coupled regime, the relative-frame coordinates turn out to be extremely helpful for
characterizing the participating breathing modes. Therefore, we study in particular the reduced densities of the
relative-frame coordinates. Employing the expansion in post-quench eigenstates from equation (13), their time-
evolution may be approximated within the linear-response regime as

n
P (Y 1) & ¢ pO(Y) + 23 coci ™ (V) cos(Aj), (14)
j=1

neglecting terms of the order ¢;c; for i, j > 0.So p, (¥, t) can be decomposed into the stationary background
p§°)(Y}) and time-dependent modulations of the form pio‘j)(Z) = f I1,.;dY, (?IE()) (Ejl 17), further called
transition densities, with oscillation frequency A; = E; — E. Below we discuss how to calculate the overlaps ¢;
(see equations (18), (19)) to a good approximation only in terms of the post-quench Hamiltonian eigenstates for
sufficiently weak quenches. Thus, we can fully simulate the time-evolution of p,(Y;, t) by using only the post-
quench Hamiltonian properties obtained in section 4.

In the following, we regard the excitations of the first even R z-parity branch as the lowest monopole modes
and show that each monopole mode is directly connected to the breathing modulation of a single relative-frame
density, if the two components are but weakly coupled. This behaviour changes for increasing g4, where each
coordinate begins to exhibit an oscillation with more than one frequency. By inspecting the modulations of the
variances of each relative-coordinate and taking the excitation amplitudes into account, we show that four
(three) breathing modes are excited for g, = g, (g4 = gp) in the weakly coupled regime, while only two
breathing modes are of relevance in the strongly coupled regime. First, we inspect the component-asymmetric
case of figure 1(c) in detail to illustrate some peculiarities of the involved breathing modes, since it contains the
most relevant features. Thereafter, we unravel differences to the component-symmetric case of figure 1(b).

5.1. Component-asymmetric case

Because of the low amplitude quenching protocol, we will excite four breathing modes simultaneously in the
component-asymmetric case (g4 = 1, gg = 2). Three of them stem from the first even R, g-parity branch of
figure 1(c). Remember, however, that the total CM was assumed to be in the ground state to keep the spectrum
discernible. One obtains the full energy spectrum by including all CM excitations, meaning duplicating and up-
shifting depicted energy curves by AE = nwith n € N. Thisreveals a forth mode, namely a double total CM
excitation. It features the same parity symmetries and is energetically of the same order as the states from the first
even R, p-parity branch ensuring a considerable overlap with the initial state. The total CM trivially oscillates

7 Inthis work, we call coordinates normal if they completely decouple the Hamiltonian, implying the possibility to excite each degree of
freedom independently.
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Figure 3. Relative frame density modulations for the component-asymmetric case of figure 1(c). Figures (a)-(c): the decoupled
regime g, , = 0.(a) p;(Rap, t) oscillates solely due to the |2, 0, 0) eigenstate with the frequency 4 = 2, (b) p, (14, t) dueto

|0, 1, 0) with the frequency 4, (¢) p, (, 1) dueto |0, 0, 1) with the frequency Q. Figures (d)—(f): strongly coupled regime

&g = 10.(d) py(Rap, 1), (e) py(ra, £), () p, (3, ). All the profiles oscillate with the same frequency {245. Not shown is the breathing
motion of p; (Rem, t) with the constant frequency of Qcy = 2, it being a decoupled motion of a single-particle HO. Quench strength
dw = —0.1. All quantities are given in post-quench HO units.

with the constant frequency oy = 2 independent of any interactions g, it beinga decoupled degree of
freedom with the single-particle HO Hamiltonian (equation (5)) [25, 43]. The other three modes, which are
excited, are known analytically, when there is no coupling between the components, and we label the
corresponding mode frequencies as (see also the labels in figure 1(c)):

® |0}[0, 1, 0

) e QA(gAB =0) = p(g, D — pn(gy, 0),
(i) 10)]0, 0, 1

)

)

A QB(gAB = 0) = M(gB) 1) - M(gB) O))
« QAB(gAB =0 =2,

- QCM = 2)

(iii) 10)]2, 0, 0
@iv) |2)]0, 0, 0

)
)
)
)
where we have prepended the CM eigenstate |n) for a complete characterization of the involved states. States of
higher order even R, z-parity branches as well as higher excitations of the CM coordinate are negligible due to
small overlaps with the initial state.

In the uncoupled regime g,, = 0, one can show analytically that each relative-coordinate density oscillates
with a single frequency, each corresponding to exactly one eigenstate of the first even R, z-parity branch (see
figures 3(a)—(c)). E.g. for p, (Rap, t), the only transition density pgo’j) (Rap) which survives taking the partial trace
is the one corresponding to |0) |2, 0, 0), while the contributions from the remaining excited states vanish. This
leads to the breathing motion in the R4 coordinate with a single frequency {45. Analogously one can show that
[0)]0, 1, 0) solely induces density modulation in p, (r4) with the frequency €4, while p, (r5) oscillates with Qg
exclusively due to]0) 10, 0, 1). Thereby, the relative-frame coordinates render ‘normal coordinates’ in the
uncoupled regime, which is also a valid picture for extremely weak couplings.

By introducing a larger coupling between the components one observes that each relative frame density,
except for p,(Rem, t), begins to oscillate with up to three frequencies simultaneously. So all the modes begin to
contribute to the density modulation of each relative coordinate. However, there are some peculiarities we
observe, for the visualization of which the densities are not well suited any more. Instead, we will transform the
breathing observable to the relative frame and consider the expectation values of individual terms it decomposes
into:

1 1
dox2;=4R& + Rip + =13 + —rp. (15)
o 2 2

10
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The expectation value of each observable with respect to the time-evolved state |U(#)) is directly related to the
respective relative-frame density:

(WOIYAR®) = [dY V2 p,(Y, 0. (16)

Inserting the time-evolution of the relative frame density from equation (14) one finds that the observables
decompose into a stationary value and a time-dependent modulation as well. In particular, we are interested in
the amplitudes of modulations, when the inter-component coupling is varied, since they determine how many
frequencies are of essential relevance for the considered motion. The amplitude of the jth mode is essentially
composed of the overlap ¢;and of the transition element:

(EIYAIES) = [d¥; Y2 o™ (1), (17)

In order to evaluate the overlaps ¢; = (Ej|Eo),,, with j = 0 in terms of only the post-quench Hamiltonian
eigenstates, we perform a Taylor approximation with respect to the weak quench strength w = w — wy,
namely |Eo),, =~ |Eo), — &u%lEo)w evaluated at w = 1, and arrive at

C]' ~ —<E]'

Applying the (off-diagonal) Hellmann-Feynman theorem [69], one obtains:

2
gy = —wlt | 5l
dw | ° E — Eo

E() > bw. (18)

Ey)

(Ej (19)

The overlaps are hence connected to the transition elements of each relative-frame breathing observable
(equation (15)), weighted with the inverse of the mode frequency, which leads to a damping of contributions
from higher order branches. This relation enables us to calculate the amplitude A;, with which the jth mode
contributes to the oscillation of the observable Y%

N
&m=‘$®%%% (20)

which may be interpreted as the susceptibility of the Y7 observable for the excitation of the state |E;).

In figure 4(a) we show the values of possible breathing mode frequencies, obtained from the spectrum of
figure 1(c). Q2cm = 2 does not depend on any interaction strength g . In contrast to this, ()45 is degenerate with
Qcm for g, = 0,and when increasing g, 5, decreases to a minimum first and then increases with the tendency to
asymptotically reach Qcy again. This behaviour strongly resembles the dependence of the relative-coordinate
breathing-mode frequency in the single-component case [43]. {4 and €2 have qualitatively akin curve shapes,
varying much stronger with g, . In particular, we note that these frequencies reach values below the frequency of
the CM dipole mode being equal to unity.

The breathing mode frequencies discussed above are labelled according to the peculiarity of the uncoupled
regime, where each eigenstate from the first even R, 3-parity branch leads to a breathing motion of some specific
relative-frame coordinate. Indeed, if we look at the amplitudes A; in figures 4(b)—~(d) in the decoupled regime
(g45 = 0), we recognize that the amplitude for the coordinate Y;is non-zero only for one mode, namely the one
with which p, (Y}, t) oscillates in figures 3(a)—(c). When we increase the inter-component coupling, the
eigenstates cease to be simple product states in the relative coordinate frame resulting in contamination of each
density modulation with the frequencies from the other modes as well, which leads to a three-mode oscillation.
Nevertheless, we label the frequencies corresponding to the uncoupled case and follow the states continuously
throughout the g4 variation.

Another peculiarity worth noting arises in the strongly coupled regime: The €, oscillations become strongly
suppressed for all the observables making 2,5 and 2\ the main contributors to the density modulations,
which reminds us of the single-component behaviour [43]. Furthermore, the dependence of {245 on g4 has
striking resemblance to the dependence of €, on g for the single component gas. In figures 3(d)—(f) we show
that all the relative-coordinate densities oscillate with the same frequency $2,5. We highlight that in the CF
regime each density peak of the bimodal distribution p, (Rap, t) does not only breath periodically but also its
maximum height position performs dipole-mode like oscillations, see figure 3(d). Our intuitive picture for this
effectis as follows: in the CF phase the two species are located on opposite sides of the HO trap and feel a tighter
effective trap induced by the other component, which is in accordance to the tighter localization of the 7,
coordinates, see figures 2(b) and (c). Upon inducing the quench dynamics by instantly lowering the trap
frequency, the two species separate even further. When the turning point is reached, they move back towards the
centre of the trap, fail, however, to penetrate each other due to a strong mutual repulsion, which results in
dipole-like oscillation of each of the two p, (R4, t) density fragments. These dipole oscillations quite likely act as
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Figure 4. (a) Breathing mode frequencies as a function of the inter-component coupling g4 5 for the component-asymmetric case g4
= 1.0 and gz = 2.0. The modes are labelled with respect to the uncoupled regime, where each mode can be identified with a particular
relative-frame motion (figures 3(a)—-(c)). (b)~(d) Amplitudes A; (equation (20)) of the modes depicted in (a) (same colour coding),
which determine the relevance of the contribution to the oscillation of the observable Y7 as a function of the inter-component
coupling gap: (b) Aj(Ryp) (c) Aj(ry),(d) Aj(rp). The red dotted lines stem from the states of the second even R, -parity branch. All
quantities are given in post-quench HO units.

adriving force for the r, coordinates making them to oscillate with the same frequency thereby suppressing €2,
modes.

5.2. Component-symmetric case

Now we compare the above results with the component-symmetric case of figure 1(b), where g, = g, = 2.
Figure 5(a) depicts the possible breathing-mode frequencies. Here, two main differences arise: first, the {45
curve features two minima due to two avoided crossings with an eigenstate of the second even R z-parity
branch. Second, the other two breathing mode frequencies of the relative coordinates are degenerate for

& = 0, then separate with increasing g, s and approach one another asymptotically. Instead of using the labels
Q4 and € as in the component-asymmetric case, we label these two modes with €2, and 2_, since the
corresponding excited eigenstates are symmetric and antisymmetric w.r.t. S,, respectively (see figure 1(b)). The
latter frequency, however, does not give any contribution to the breathing dynamics, it being symmetry
excluded.

12
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Figure 5. (a) Breathing mode frequencies as a function of the inter-component coupling g4 5 for the component-symmetric case

g, = 2.0.(b)—(d) Amplitudes A; (equation (20)) of the modes shown in (a) (same colour pattern), which determine the relevance of
the contribution to the oscillation of the observable Y7 as a function of the inter-component coupling g45: (b) A;j(Rap), (¢) Aj(ra), (d)
Aj(rp). The red dotted lines stem from the states of the second even R yp-parity branch. All quantities are given in post-quench HO
units.

The motion of the r, and r3 coordinates is identical due to the imposed component-symmetry and in the
uncoupled regime (g,, = 0) they both oscillate solely with the {2 frequency (see figures 5(c) and (d)). Similarly
to the component-asymmetric case, we see that when increasing g, 5 the {45 (€2;.) mode contributes also to the
observable r2 (R4 5).

However, in the intermediate interaction regime 3.7 < g, < 8.3 we observe a strong suppression of the
Q45 mode contribution for all observables, which is in stark contrast to the component-asymmetric case.
Instead, a state of the second even R4 -parity branch gains relevance. These two eigenstates actually participate
in the avoided crossing exemplary indicated by an arrow in the spectrum (see figure 1(b)) and thereby exchange
their character. According to equation (20) the breathing amplitude is determined by the transition elements
(16) as well as the overlap coefficients (18), which in turn depend also on the transition elements due to
equations (19) and (15). While the energy denominator of equation (19) does not single out one of the two states
participating in the avoided crossing, the values of the individual transition elements strongly depend on the
character of the respective eigenstate. Thereby, the energetically slightly lower mode has alarge amplitude before
the crossing and after the crossing the composition character of states changes such that the higher mode
dominates. By further increasing g4z we observe another exchange of roles, which is attributed to the presence of
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asecond avoided crossing (see figure 5(a)) such that the strong inter-component coupling regime shows again
the absolute dominance of the 2,5 mode over the other lowest breathing modes besides Qc.

6. Experimental realization

The few-body Bose—Bose mixture studied here should be observable with existing cold atom techniques.
Quantum gas microscopes allow the detection of single particles in a well controlled many-body or few-body
system [70, 71] and recent progress also allows for spin-resolved imaging in 1D systems using an expansion in
the perpendicular direction [72, 73]. In these set-ups, the single-particle sensitivity relies on pinning the atoms in
adeep lattice during imaging and experiments have so far focused on lattice systems. However, bulk systems
might be imaged with high spatial resolution by freezing the atomic positions in a lattice before imaging. For fast
freezing, this would allow a time-resolved measurement of the breathing dynamics. Moreover, spin order was
recently observed in very small fermionic bulk systems via spin-selective spilling to one side of the system [74].

Deterministic preparation of very small samples was demonstrated for fermions via trap spilling [75] and for
bosons by cutting out a subsystem of a Mott insulator [76]. The tight transverse confinement for a 1D system can
be obtained from a 2D optical lattice, while the axial confinement would come from an additional optical
potential, which can be separately controlled to initialize the breathing mode dynamics.

Choosing two hyperfine states of the same atomic species ensures the same mass of the two bosonic species.
Possible choices include “Li, ¥ K or 87Rb. While the former have usable FRs to tune the interaction strengths,
the latter allows selective tuning via CIR in a spin-dependent transversal confinement as can be realized for
heavier elements. Note that the longitudinal confinement needs to be spin-independent in order to ensure the
same longitudinal trap frequencies and trap centres assumed in the calculations. The inter-component
interaction strength can be tuned via a transverse spatial separation as obtained e.g. from a magnetic field
gradient [77]. In the case of " and 3°K, the inter-component background scattering lengths are negative [14]
leading to negative g4 5, but although not reported, inter-component FRs might exist. Alternatively, g4 might be
tuned via a CIR, which selectively changes g4 5 at magnetic fields, where the intra-component scattering lengths
are very different.

In the following we give concrete numbers for a choice of “Li. The density distribution has structures on the
scale of the HO unit ay,, (figure 2). Choosing the trap parameters asin [75] as w/(27) = 1.5kHzand
w /(2w) = 15kHz,yields ap, = 1 pm, i.e.larger than a typical optical resolution of 0.8 pum. At the same time,
temperatures much lower than /w/kg = 72 nK are state of the art. The breathing dynamics will occur on a time
scale of several 100 ps, which is easily experimentally accessible. Choosing a smaller w would make the imaging
easier, but would impose stricter requirements on the temperature.

For the observation of the breathing mode dynamics, one would record the positions of all four particles in
each experimental image and obtain the widths (RZy)s» (Rig):» (r.2); by averaging the occurring relative
coordinates over many single-shots after a fixed hold time #.

7. Discussion and outlook

In this work we have explored a few-body problem of a Bose-Bose mixture with two atoms in each component
confined in a quasi-1D HO trapping potential by exact diagonalization. By applying a coordinate transformation
to a suitable frame we have constructed a rapidly converging basis consisting of HO and PCF. The latter stem
from the analytical solution of the relative part of the two-atom problem [57] and include the information about
the intra-species correlations, which renders our basis superior to the common approach of using HO
eigenstates as basis states.

We have then explored the behaviour of the low-lying energy spectrum as a function of the inter-species
coupling for various fixed values of intra-species interaction strengths. Hereby we have covered the strongly
coupled limiting cases of CF, FF and PS, studied also intermediate symmetric and asymmetric values of g4 and gz
and related the ground state relative-frame densities of some limiting cases to the known laboratory frame
results [40]. We have discussed the evolution of degeneracies and explained appearing (avoided) crossings in
terms of the symmetries of the Hamiltonian, which become directly manifest in the chosen relative-coordinate
frame.

Finally, the obtained results were used to study the dynamics of the system under a slight component-
symmetric quench of the trapping potential. We have derived expressions for the time evolution of the relative-
frame densities within the linear response regime and observed that in the uncoupled regime (g, = 0) the
density of each relative frame coordinate performs breathing oscillations with a single frequency corresponding
to aspecific excited state of the first even R z-parity branch of the spectrum. The total CM coordinate performs
breathing oscillations with the frequency Q2cp = 2 (HO units). For asymmetric choices of g values, three
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additional monopole modes participate in the dynamics, each of them corresponding to the motion of a
particular relative coordinate: {4 for the relative coordinate of the A component, €2 for the relative coordinate
of the Bcomponent and {2, for the relative distance of the CMs of both components. In contrast to this, the
symmetric case g4 = g leads to only two additional modes because of a symmetry-induced selection rule: €2, for
the relative coordinates of both components and §24 for the relative distance of the CMs of both components.

For not too strong inter-component coupling, each relative coordinate exhibits multi-mode oscillations and
we have explored their relevance for the density modulations by analysing the behaviour of suitably chosen
observables as one gradually increases the coupling between the components for symmetric and asymmetric
choices of intra-component interactions strengths. Thereby, we have found that for strong couplings, where CF
takes place, the €2, (€21) modes become highly suppressed, leaving only two monopole modes in this regime:
Q4p and ¢y We have observed the same effect for the case of PS (results not shown). Interestingly, the
dependence of €45 on g4 strongly resembles the behaviour of the relative-coordinate breathing frequency in
the single-component case [43]. All in all, we have obtained 2 to 4 monopole modes for the quench dynamics
depending on the strength of the inter-component coupling and the symmetry of the intra-species interactions,
which is in strong contrast to the single-component case [43] as well as to the MF results, where two low-lying
breathing modes can be obtained, namely an in-phase (out-of-phase) mode for a component-symmetric
(component-asymmetric) quench [23]. Finally, we have argued that the experimental preparation of the
considered few-body mixture and measurement of the predicted effects are in reach by means of state-of-the-art
techniques.

This work serves as a useful analysis tool for future few-body experiments. Measurements of the monopole
modes can be mapped to the effective interactions within the system such that precise measurements of the
scattering lengths or external magnetic fields can be performed. The numerical method used here can be applied
to Bose—Fermi and Fermi—Fermi mixtures with two particles in each component simplifying the numerics,
because the PCFs have to be replaced by odd HO eigenstates, if a bosonic component is switched to a fermionic
one, which significantly accelerates the calculation of integrals. Further, it would be interesting to see how the
frequencies and the amplitudes of the monopole modes vary for an increasing number of particles. Exploring
the spectrum for negative values of interaction parameters is also a promising direction of future research.
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Appendix

In the following, we discuss how to efficiently calculate matrix elements of the coupling operator H; from
equation (8) with respect to the basis (10). Because of the already mentioned even parity of ! one can make
simple substitutions of the form 7, = —r,, to show that each delta in the sum of H, gives the same contribution,
such that after performing an integral over R, 5 one obtains:

_ AB( 1A + 18\ aB(Ta + 1B
(a,b,c|H1|k,l,m>—4fdrAfdrB<I>a( : )@k( : )

x i (ra) ¢} (ra) P (r) 02 (). (A1)

At this point itis important to notice that the integral vanishes for odd (a + k) because of the parity symmetries
of ®48 and (7, which can be seen by transforming to relative and centre-of-mass coordinates r = ry — 3,
R = (r4 + rp)/2.In the following, we assume that the quantum numbers for the R, coordinate are restricted
toa, k € {1, ..., nyp} and for ther, coordinates to b, ¢, I, m € {1, ..., n,}. Now our computation strategy
consists of three steps:

First, we circumvent evaluating the 2D integral from equation (A1) by viewing the product of the two HO
eigenstates @, ®¥ asa pure, in general not normalized state ,, , depending on the two coordinates r, and
and applying the Schmidt decomposition [58] or, equivalently, the so-called POTFIT algorithm [59].
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T4 + 1 ra + 1
Xa)k(rA) TB)E (I):?B A : B)(P?B( A : B)

/\E“’k)wf‘;(“’k)(rA)wf;(”‘k)(rB). (A2)

Mm

~
~

i=0

Here®, | )\g“’k) [? coincides with the ith eigenvalue of the reduced one-body density matrix corresponding to the
degree-of-freedom r, and Wi"‘(“’k) (7,) denotes the corresponding eigenvector, which can be shown to feature a
definite parity symmetry. We remark that (i) we may choose w/¥@® (r) = wB@0 (1) = w@b (1) because of
Xak (2> 78) = X, x (13, 74) withoutloss of generality and that (ii) the decomposition of equation (A2) becomes
exact for d — oo. Having ordered the coefficients \{*¥ in decreasing sequence w.r.t. to their modulus, we
choose d such that only terms with |)\§“”‘) /A& > 1076 are taken into account, which results in an accurate
approximation to 2D integrals with a relative accuracy of 10>, valid for all interactions and quantum numbers
considered below. We perform this decomposition for all the relevant HO quantum numbers (4, k), meaning

a < k < mypwith (a + k) even. This procedure is independent of any interactions g, and needs to be executed
only once.

By inserting equation (A2) into (A1) we obtain the following expression:

d
(a, b, c|Hilk, I, m) ~ 43" A®P f di wP(r) ot (ra) @it (ra)

i=0

x f dry W (r5) 0B (1) 0P (1) (A3)

As one can see, the 2D integral is replaced by a sum of products of 1D integrals. In order to greatly overcome the
numerical effort for computing a 2D integral d should be preferably a small number (see below).

The second step consists in the calculation of 1D integrals and here we provide an efficient strategy to
circumvent redundant computations. Consider the integral:

[ar @ g7 g0, (A%)

with s < # < 711. The PCFs are of even parity and thus only even w(*® actually contribute allowing to reduce
the number of expansion terms in equation (A3) to | d/2]. Both PCFs ¢7 and ¢! depend on the same interaction
strength g, meaning that the above integral does not distinguish between the two subsystems such that the index
o can be dropped for the moment. Now we fix the PCFs by specifying the strength of intra-component
interaction gand further we fix the HO quantum numbers (g, k), which determine the functions Wi(“’k), aswell as
PCF quantum numbers (s, t). We loop over all i and save the integral values, labelled as (g, a, k, s, t). This
procedure is performed for a set I of multiple values of g we are interested in and for all the relevant quantum
number configurations a < k < nypwith (@ + k)evenand s < ¢ < 7.

In the last step we calculate the matrix elements from equation (A3). For HO quantum numbers (g, k) we
extract all the expansion coefficients /\g“’k), obtained in the first step, and for the chosen interactions parameters
(84> &) and PCF quantum numbers (b, ¢, I, m) we pick the appropriate integral values corresponding to
g=gpa k s=bt=10Dand(g= g a, k, s = ¢, t = m). Theadvantage of this procedure is that not only
symmetric choices of intra-component interaction strengths are accessible, but also an arbitrary asymmetric
combination (g,, g&;) € I x I.Additionally, the proposed scheme can be easily parallelized. However, adding
new g values to the set [ is in general very time-consuming as one needs to calculate a bunch of 1D integrals for all
the relevant quantum number configurations.

Now let us analyse quantitatively the speed-up obtained by our algorithm in contrast to the straightforward
evaluation of 2D integrals. Since the energy spacing of the PCF modes is approximately twice the energy spacing
of the HO modes corresponding to the R, motion, we assume 71, = (145 — 1) /2 with an odd n45 to keep the
number of even and odd R, g-parity basis states the same. The number of 1D integrals one needs to compute for
each g € I in order to construct the H; matrix is approximately (d /64)[(na5 + 1)(nap + 3)1%, where d isan
average number of terms in (A3), as the criterion |\ / \{#®)| > 10-6 requires more terms for larger values of
a, k. The number of 2D integrals amounts to (1/256) [(naz + 1)(nap + 3)]°. For checking the convergence (see
below), we have chosen 3 = 21 and n, = 10, i.e. 2662 basis states. The number of expansion terms varies in
theinterval d € {50, ..., 100} resultingin d = 75. Thus, we need to either evaluate 326 700 1D integrals or
574 992 2D integrals. Not only is the number of 1D integrals smaller, the computation of one 2D integral takes
also significantly longer than of one 1D integral, especially for higher quantum numbers. Moreover, in order to
build the Hamiltonian matrix for all (g,, gz) € I x I, the 2D integrals (A1) would have to be evaluated for the
ng(ng + 1) /2 distinct combinations g, < gz, where 1, denotes the cardinality of I, while the 1D integrals (A4)
must be calculated only forall ¢ € I, i.e. fg distinct values, which renders this approach much more efficient.

Note that in contrast to the usual convention we do not require the coefficients )\E»“’k) to be semi-positive without loss of generality.
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For the spectra shown in section 4 we have chosen nyg = 17 and 1, = 8, i.e. 1458 basis states. Since we
know that basis states of different R 4 g-symmetry do not couple, we can split the H matrix into subspaces of even
and odd R 4p-parity, leading to (729 x 729)-size matrices for each subspace such that the computational effort
for the diagonalization becomes negligible. Since the inter-component coupling g4 s enters the matrix
H = Hy + g,;Hi tobe diagonalized only as a pre-factor, a very fine g4z scan can be easily performed. We note
that for the covered g, € [0, 10] space the convergence check provides us with the relative energy change
below 1% for the low-lying energy spectrum.
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Breathing dynamics of the few-body Bose polaron in a species-selective harmonic trap
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We perform an extensive numerical study on the breathing dynamics of a few-body Bose polaron setup in a
one-dimensional species-selective harmonic trap. The dynamics is triggered by a quench of the impurity trap.
The excitation of the background majority atoms is mediated via the majority-impurity interaction. The breathing
spectrum is obtained for different numbers of majority particles, several values of the majority-component
interaction strengths, and trap ratios. It is further compared to the breathing spectrum of a particle-balanced
few-body Bose-Bose mixture. In particular, for equal postquench traps the employed protocol allows to couple
states of different center-of-mass parity in contrast to species-symmetric trap quenches. Among the participating
eigenstates we identify one having odd center-of-mass parity and even global parity. The breathing frequency
induced by this state is a monotonically decreasing function of the coupling parameter. Importantly, in order
to be numerically observable, it requires the entanglement between the species to be taken into account.
We demonstrate this by comparing the numerically exact results obtained by means of the multilayer mul-
ticonfiguration time-dependent Hartree method for mixtures to the ones of a species mean-field ansatz. The
entanglement-sensitive breathing frequency persists also for unequal postquench traps where the center of mass
cannot be decoupled. Finally, we analyze the impact of global parity symmetry on the breathing dynamics by
initializing a state of odd global parity. We evidence a striking resemblance to the breathing spectrum of the

ground state, but find also some additional modes.

DOI: 10.1103/PhysRevA.105.043304

I. INTRODUCTION

The polaron concept was introduced quite some time ago
by Landau and Pekar [1,2] to describe the motion of an
electron in a crystalline material. The notion of an emerg-
ing quasiparticle dressed by low-energy excitations of the
underlying medium has vastly expanded since its foundation
finding broad applications in different areas of physics such as
organic semiconductors, polymers, nanowires, quantum dots,
and high-temperature superconductors [3-5]. Since the advent
of ultracold gases [6,7], a promising experimental platform
has emerged allowing to investigate fundamental many-body
quantum processes [8] with an exquisite tunability of the
underlying interactions and trapping geometries. In particular,
the ability to combine different species [9] and the precise
control over the number of particles [10] made it possible to
experimentally prepare an impurity in a many-body environ-
ment of bosons [11-16] or fermions [17-21], leading to what
is nowadays termed Bose [22] and Fermi polaron [23,24], re-
spectively. A mapping to the Frohlich Hamiltonian [25] for the
polaron problem can be established while all the Hamiltonian
parameters can be addressed individually. The tunability of
interactions via Feshbach resonances [26,27] provides access
to highly correlated and entangled regimes challenging the
theorists to go beyond the weak coupling Frohlich paradigm
[28-34].
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The correlations are in particular enhanced in quasi-
one-dimensional (1D) systems [35]. A comparatively tight
transverse confinement freezes the perpendicular motion of
particles and additionally affects the effective 1D interac-
tions known as confinement-induced resonances [36-38]. A
prominent example of a strongly correlated 1D system is
the Tonks-Girardeau gas [39-41]. In contrast to higher di-
mensions, where a lower particle density implies weaker
correlations, in 1D lower densities lead to stronger interac-
tions. It makes the study of low-density few-body systems of
particular interest triggering significant research efforts [42].
At the same time, this represents a great challenge requiring
sophisticated numerical techniques able to account for all the
relevant correlations [43] when characterizing the static prop-
erties or the many-body dynamics, such as the density matrix
renormalization group (DMRG) [44] or the multilayer multi-
configuration time-dependent Hartree method for bosons and
fermions (ML-MCTDHX) [45]. In species-selective trapping
geometries [12,46,47] the inhomogeneity of the medium and
the localization length of the impurity impact significantly the
degree of correlations [48-50] opening interesting perspec-
tives but requiring also new approaches since the translation
symmetry is broken making the well-established technique,
the Lee-Low-Pines transformation [51], inapplicable.

In this work, we investigate the low-energy excitations of
a few-body Bose polaron trapped harmonically in one spatial
dimension. Elementary excitations [52,53] are of fundamental
importance to understand the dynamical response of a physi-
cal system subject to a weak perturbation in terms of excited
eigenstates and respective eigenenergies. Here, we focus on
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the so-called quantum breathing modes. They are charac-
terized by an oscillatory compression and expansion of the
one-body density reminiscent of a respiratory movement. On
account of their strong sensitivity to the system’s parameters
such as interactions, trap geometry, and spin statistics, they
have been established as a reliable diagnostic tool to access
the ground-state properties of a system [54], for precision
measurements of the scattering lengths [55] and even as a
sensitive test of the equation of state at unitarity [56].

A number of experiments have observed the breathing
motion of harmonically or lattice trapped Bose-Einstein con-
densates (BEC) [55,57-62] and mixtures of bosons and/or
fermions [12,17,63-65]. The single-component breathing is
theoretically well understood in the many-body case for
contact [66—69], power-law [70-72], and dipolar [73] in-
teractions. In a 1D harmonic trap of frequency w at zero
temperature, one has identified two breathing modes: (i)
center-of-mass breathing of constant frequency Q¢ = 2w
and (ii) interaction-sensitive relative motion mode starting at
Q.1 = 2w for an ideal gas (BEC regime), dropping to 2, =
V3w at weak repulsive interactions (mean-field Thomas-
Fermi regime) and finally saturating back to ©,,; = 2w in
the limit of strong interactions (Tonks-Girardeau regime). The
frequency values at intermediate interactions are well approx-
imated via a sum-rule approach [66,67,74—76] and the overall
frequency curve features a single minimum between the BEC
and TG limits. The curvature in-between those limits and the
exact minimum location are quite sensitive to the number of
particles and beyond-mean-field effects are often indispens-
able for a correct quantitative description [77-82].

The breathing dynamics turns out to be even richer for a
multicomponent mixture of bosons [§3-89], fermions [17,76],
and combination of the two [90-93]. Theoretically, up to
four breathing frequencies can be extracted from the density
width oscillations of both components depending on the in-
terplay between interactions and particle-number imbalance:
breathing of the center of mass, the relative motion for each
component, and the relative intercomponent motion owing to
the particles’ distinguishability. The frequencies of the three
relative modes behave in a similar fashion as the frequency of
the relative mode encountered in the single-component case.
To the best of our knowledge, both components have been
considered to be equally trapped, allowing for a separation
of the center-of-mass motion. In our work, we make use
of species-selective trapping potentials to find out (i) how
initially different traps would affect the breathing behavior
in combination with (ii) how compressing the trap of only
one component, the impurity, would impact the breathing
motion of the second component, the majority, depending
on the intercomponent coupling. For different system pa-
rameters, we classify the breathing modes according to their
relative amplitude in the Fourier power spectrum obtained
by applying a compressed sensing (CS) [94] algorithm to
breathing observables evaluated via ML-MCTDHX. Further-
more, we study the role of intercomponent entanglement
and parity symmetries on the breathing response. We iden-
tify an entanglement-sensitive mode whose frequency is a
monotonically decreasing function of the majority-impurity
interaction.

= majority particle A

([ Impurity particle &

FIG. 1. The impurity (species B indicated by a red circle with
a vertically dashed filling) in a harmonic trap of frequency wp (red
thin solid line) is immersed in a cloud of majority atoms (species A
indicated by a blue blurred ellipse) subject to a different parabolic
confinement of frequency w4 (blue broad solid line). The breathing
dynamics is initiated by quenching the trap of the impurity (red
dashed line) inducing thereby excitations (orange waves) in the com-
posite system via the majority-impurity interaction.

This work is structured as follows. In Sec. II we intro-
duce our setup and Hamiltonian. The numerical approach
is discussed in Sec. I A. We use ML-MCTDHX for state
initialization, subsequent dynamics, and evaluation of breath-
ing observables. The oscillation frequencies are extracted by
means of a CS algorithm outlined in Sec. III B. The results
presented in Sec. IV are categorized in four subtopics: an
overview of breathing modes in a particle-balanced few-body
Bose-Bose mixture [88] (Sec. IV A) for later reference, the
breathing spectra in the current Bose polaron setup for dif-
ferent majority-component interactions and particle-number
ratio (Sec. IV B), the impact of impurity localization length
(Sec. IVC), and, finally, the role of global parity symmetry
for the breathing response (Sec. IV D). In Sec. V we provide
a summary and draw conclusions in Sec. VI.

II. SETUP AND HAMILTONIAN

We consider a few-body mixture of two bosonic compo-
nents (see Fig. 1). A component ¢ € {A, B} contains N, parti-
cles of mass m,, which experience a quasi-one-dimensional
parabolic confinement with trap frequency w, and interact
internally via contact pseudointeraction of strength g,. The
components are coupled via an interspecies contact interac-
tion of strength g45. We assume equal masses and introduce
harmonic units of component A as our natural units, i.e.,
Iy = ~/h/mwy for length, hiw, for energy and 1/w, for time.
The corresponding Hamiltonian reads as follows:

H = Hy + Hp + Hyp

Mool 92
:i_l< Eﬁ‘i‘ x>+gA§5(x,
Vo192
3(yi
+§< 357 T2 nyl>+ggl§ i —
Ny Np
+eas Yy Y 80 —y)), (1)

i=1 j=1
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where x; (y;) denotes the position of the ith particle in the A
(B) component.

The A component is referred to as the majority species.
It has Ny € {5, 10} particles. The B component consists of
a single particle, Ng = 1, and we call it the impurity. The
majority component is either noninteracting (g4 = 0) or fea-
tures a weakly attractive or repulsive interaction (g4 = =£0.5).
The majority-impurity coupling covers values from weakly at-
tractive to intermediate repulsive g4p € [—0.5, 2.0]. The trap
ratio covers cases of equal traps (n = 1), a “broad” impurity
(n =0.51) and a “narrow” impurity (n =4). The weak-
to-intermediate interaction regimes considered here cover
most of ground-state density configurations encountered in
bosonic mixtures including miscible phase, core-shell sepa-
ration [49,88,95,96], and composite fermionization [97,98].
The strongly correlated regimes such as full fermionization
or the spin-chain configurations [99,100] are computationally
challenging and require a fundamentally different treatment
than the one employed in this work.

The Hamiltonian (1) possesses a global reflection sym-
metry, corresponding to a map x; — —x; and y; > —y; for
all i, j. It implies that the energy eigenstates can be chosen
to have a definite global parity, i.e., to be eigenstates of the
above operation with eigenvalues +1 (even) or —1 (odd).
An eigenstate can be thus classified as being of even or odd
global parity. We prepare our system either in the ground state
(even global parity in Secs. IVB and IV C) or in the first
excited state (odd global parity in Sec. IV D) at ny = 1.057 of
Eq. (1), the prequench Hamiltonian. To initiate the breathing
dynamics we slightly relax the trap of the impurity from g to
n and propagate the state with this postquench Hamiltonian.
The majority species is set in breathing motion indirectly via
the coupling to the impurity. Importantly, the two global parity
subspaces are not coupled by the trap quench. Thus, an initial
state of definite global parity will remain in the corresponding
subspace. We can thus investigate the role of global parity on
the breathing response.

The breathing motion can be monitored in the one-body
densities p{(z,?) as their widths expand and contract pe-
riodically in time. Alternatively, one can analyze the time
evolution of the corresponding breathing observables (O),
with O = Y, &2 for the majority species and O = $2 for the
impurity. The reason for equivalence is that the one-body
density width, denoted as Az, can be evaluated via (Az)? =
(z%) — (z)2. For an initial state of a definite global parity we
have a reflection-symmetric one-body density which yields
(z) = 0. The oscillatory motion is usually composed of multi-
ple contributions with amplitudes d, and distinct frequencies
Q,, ie., (0), = Zn d,e ' Each of the oscillatory con-
tributions in (O), will be referred to as a breathing mode
characterized by a distinct frequency. The origin of the breath-
ing modes can be expressed in terms of system’s eigenstates
and related eigenenergies as follows. Upon a quench, several
eigenstates |y,) of the postquench Hamiltonian H with en-
ergy E, become populated depending on the overlap ¢, with
the initial state |\U(1)), i.e., ¢, = (¥,|W(t)). The time sig-
nal (0), =", ,, cicn (Yl O [¥r,) e oscillates with fre-
quencies 2, ,, = E, — E,, for populated eigenstates c¢,c,, 7# 0
as long as the transition matrix elements (1/,|O|¥) = O
are nonzero. Given a weak perturbation, we expect the lowest-

energy eigenstate of even (odd) global parity |{r¢) to have
the largest overlap with the even (odd) global parity initial
state |W(t)), i.e., |co|? & 1. For that reason, the major part
of frequencies contained in the breathing observable (O),
are energy gaps between any of the populated eigenstates
and the reference eigenstate, i.e., 2, = E,, — E¢. Oscillations
among any different combination of eigenstates are of minor
amplitude, so we do not focus on them by setting a suitable
amplitude threshold. For convenience, when we refer to an
eigenstate of a breathing mode we mean the eigenstate respon-
sible for this mode while the reference state |E) is usually
clear within the context, unless we state otherwise. In case of
“degenerate” energy gaps, i.e., equal energy gaps stemming
from different eigenstate pairs, we do not differentiate which
pairs actually contribute.

Finally, we would like to emphasize some fine sub-
tleties between the species-asymmetric trap quench protocol
employed in this work and the center-of-mass (c.m.) degree
of freedom. First, for n # 1 the c.m. coordinate cannot be
decoupled by any linear transformation. This is an impor-
tant difference to species-symmetric traps at n = 1 where
the c.m. coordinate provides an exact quantum number of
the “free” c.m. harmonic oscillator. This becomes evident
after employing a linear transformation to a set of Jacobi
coordinates adapted to the Bose polaron problem, namely, rel-
ative coordinates of the majority species r; = % Ylxi—xjn
for j e {l,...,Ny — 1}, the global center of mass R., =
C NA1+1) (Zﬁv" Xx; + y), and the relative coordinate characterizing
the distance between the impurity and center of mass of the
majority Rap = (Ni va" x;) —y. Using this representation,
the R, degree of treedom decouples from the relative coor-
dinates r; and R4p such that H = H.\, + H,.;, where H. p, is
a quantum harmonic oscillator of mass N4 + 1 and frequency
o = 1, while H,,; is symmetric under the map r; — —r; and
Rsp — —Ryp. In this alternative relative-frame representation
the Hamiltonian features a center-of-mass reflection symme-
try, corresponding to a reflection operation R., > —Rc .. It
implies that eigenstates can be chosen to have a definite c.m.
parity, i.e., to be eigenstates of this operation with eigenvalues
+1. We note that it is not equivalent to a global reflection
symmetry since the latter applies additionally r; — —r; and
Rup — —Ryp. In particular, an eigenstate may feature an even
global parity, but be of odd c.m. parity and odd relative parity.

Second, we discuss several cases with the postquench
Hamiltonian at n = 1, i.e., the corresponding eigenstates |,)
have a definite c.m. harmonic oscillator quantum number. The
initial state, on the other hand, is the ground state of the pre-
quench Hamiltonian at ny = 1.05, i.e., it does not have such
symmetry. Within the linear response regime, it can be shown
that the occupation ¢, of the eigenstate |v,) is proportional
to transition element (1,|y*|1) induced by the impurity trap
quench operator. In particular, as y? is composed of a coupling
term oR.m Rap, it is allowed for the initial state to be in a
superposition of postquench eigenstates with different c.m.
parity.

III. COMPUTATIONAL APPROACH AND ANALYSIS

In this work we use the multilayer multiconfiguration time-
dependent Hartree method for mixtures to initialize a system
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in its ground state by means of relaxation, i.e., propagation
in imaginary time, for the state evolution following a trap
quench of the impurity and to evaluate the expectation values
of breathing observables for each species as a function of
time. We outline the major idea of the method in Sec. III A
along with the wave-function ansatz for the system at hand.
We then apply a compressed sensing algorithm to retain the
frequencies from breathing observables. In view of the fact
that CS relies on the sparsity condition in the Fourier space, it
is not used as a standard tool for frequency extraction from a
time signal. In Sec. III B we discuss advantages of this method
in the current application as compared to a straightforward
Fourier transformation. In order to be self-contained, we also
provide the implementation details.

A. ML-MCTDHX

To prepare the initial state |W(zp)) and to perform the
subsequent time evolution |W(t)) = e ™' |W(ty)) with the
time-independent Hamiltonian A from Eq. (1) we employ the
multilayer multiconfiguration time-dependent Hartree method
for mixtures of indistinguishable particles, for short, ML-X
[45,101,102]. The core idea behind ML-X is to expand the
many-body wave function in a properly symmetrized product
state basis, the so-called Fock states, such that the underlying
single-particle functions (SPFs) are time dependent. These
are variationally optimized during the time evolution to pro-
vide a more “compact” description compared to Fock states
composed of time-independent SPFs. Compact means that in
general much less SPFs are required reducing thus the Fock
space dimension while retaining a similar degree of accuracy.

As the system evolves, the many-body state travels through
different subspaces of the complete Hilbert space. If the Fock
basis is fixed, in general a large set of SPFs is required to
cover all the relevant subspaces. Many configurations become
“actively” populated during the time evolution, though not
necessarily all of them at the same time with a fraction stay-
ing or becoming inactive. Even when all of Fock states are
populated, we may rotate the basis by choosing a different
set of SPFs until, eventually, we end up with a more compact
representation. Given a truncated Fock space, ML-X rotates
the basis vectors such as to find the best possible representa-
tion of the exact many-body state at each instant of time. In
other words, it looks for the current “active” subspace. Once
the truncated variationally evolving Fock space becomes large
enough to contain the (major part of) “active” subspace, the
representation of |\W(¢)) given by ML-X is considered optimal.

The underlying wave-function ansatz for the Bose polaron
problem belonging to Eq. (1) is expanded in two layers (mul-
tilayer):

S
W) =Y Vr) [Wro) @ [wPe). )
i=1
(We @) =Y Ciao (1) (1)) - 3)
7% | Ny

In the first step [see Eq. (2)], the majority and impurity de-
grees of freedom x; and y, respectively, are separated and
assigned to S € N time-dependent species wave functions

W7 (t)). The sum of product form is very convenient as it
makes evident the entanglement between the two compo-
nents. In particular, we use the von Neumann entropy given
by Sy =—);AIn(%;) to quantify the degree of entan-
glement. The time-dependent weights X;(¢) are normalized
Zf Ai(t) =1 and sorted in descending order. A composite
system with A;(¢) & 1 is considered disentangled. Assuming
S =1 in the expansion is called a species mean-field (SMF)
approximation. In the second step [see Eq. (3)], every species
wave function belonging to component ¢ is expanded in
the Fock-state basis |7 (z)) with time-dependent coefficients
Ci o (t). The time dependence of number states is meant im-
plicitly through the time dependence of s, € N underlying
SPFs @7 (t) which are represented using a harmonic discrete
variable representation (DVR) [103,104]. The DVR is an
orthonormal set of eigenfunctions of the position operator,
represented by a finite analytical orthonormal basis, called
DVR basis. The DVR functions act like a delta function within
the finite space and provide analytical expressions for matrix
representation of kinetic and position operators making their
evaluation very efficient. The notation 7i° |N,, denotes particle-
number conservation, i.e., Y ;* n7 = N,. Finally, by applying
the Dirac-Frenkel variational principle [105] the equations of
motion for A;, C; -, and go}’ are obtained. The convergence
of ML-X is controlled via S, s,, and the number of DVR
grid points. We use S =5, =8 for Ny =5and S =5, =6
for Ny = 10. The DVR grid spans an interval [—6, 6] and we
choose 151 DVR grid points.

B. Compressed sensing analysis

In this work, we aim to extract frequencies 2, ,, = E, —
E,, of system’s excitations where E, denotes the eigenenergy
of the nth eigenvector |y,) of H. Any physical observ-
able O carries information about excited eigenstates (0), =
> Chcn (Y| O 1Y) et as long as the transition ma-
trix elements (y,,| O |,,) are nonzero and the corresponding
eigenstates are initially populated c,c,, #0 where ¢, =
(Vn|W(to)). We perform a sampling of breathing observables
with a uniform rate Ar over an interval [0, 7] containing
T /At + 1 = N, points. It gives us a finite time signal f € R
with components f; of discrete variable ¢; € R, ie., f; =
f(t;) = f(Atj) with integer index j € [0, N, — 1] C No.

A straightforward way to retain the frequencies contained
in f is to perform a discrete Fourier transformation (DFT),
expressed as a linear map Af = g with a square matrix A €
CN>Ni and signal’s representation in the frequency domain
g € CN. The latter is characterized by frequency spacing
Aw and cutoff frequency wcy, i.e., it has components g; =
g(wj) = g(Awj) of discrete variable w; € R and for odd
(even) N, = N, number of points spans an open (closed) in-
terval with end points —w¢y /2 and wey /2.

The sampling parameters of time and frequency domain
are interrelated. Thus, the sampling time 7 determines the
frequency spacing Aw = 27 /T, while the sampling rate At
determines the Nyquist frequency wc, = 7 /At. In princi-
ple, frequencies can be retained with arbitrary resolution, if
sampled long enough, while highly oscillatory components
require a finer sampling rate. In practice, there are technical
limitations such as generation, storage, and processing of
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data. Given a complex system such as ours, data generation
becomes a time-consuming factor, making a good resolution
in frequency domain out of reach.

In order to overcome this obstacle, some prior informa-
tion about signal’s properties might become useful. Since the
system is perturbed weakly, we expect only the low-energy
excitations to be of relevance for the underlying dynamics. In
particular, we expect g to be sparse with major components
located in the low-frequency region.

With this prior knowledge, compressed sensing (CS) al-
lows to retain the frequencies with a very high resolution
while keeping the simulation time with ML-X reasonably
small. To this end, we formulate our problem as finding the
vector g satisfying the inverse DFT condition, i.e., f = A'g.
However, A" € CM*M is now a rectangular matrix with
N, > N, and g € Ce resulting in an underdetermined sys-
tem of equations. Here, AT is a submatrix of the inverse square
DFT matrix AT € CN*M_ with the last N, — N; rows being
removed. Importantly, the number of columns N, and thus
the frequency spacing Aw can be chosen independently of
the simulation time 7 . Intuitively, this implies that g has been
generated by a signal extended over a larger region 7’ > T
than the current one f, though the information contained be-
yond T is considered redundant given the priors underlying
the evolution.

In order to find a sparse solution to a linear ill-posed inverse
problem, we formulate it as £1-norm penalized least-squares
minimization task known as basis pursuit denoising (BPDN)
[106]:

mginénf — Afgll3 + Algll, 4

where x|, = (Q_; |x;|P)1/P while the penalty term A >0
controls the tradeoff between the sparsity of the solution
and the constraint violation in the presence of noisy signal
f. We use the least-angle regression (LARS) [107] mini-
mization algorithm to solve Eq. (4) and perform a mean
normalization of the signal f — f=d- £)/|Ifll; before-
hand. The employed implementation requires real inputs in
Eq. (4). Real f implies Hermitian g and we use this sym-
metry to reformulate g as a real vector: g — § € R? =
(Re(g), Im(g)). Correspondingly, the inverse Fourier ma-
trix AT — M e RV>*2Ne = (C, D) is now composed of two
real submatrices C € RY*Ne with components ¢; ; = cos(eij)
and D € RN with components d; ; = sin(eij) where € =
AtAw. The ML-X time-domain parameters are chosen as
T =40 and At = 0.05, whereas the CS frequency-domain
parameters are wqy; = 20 and Aw = 0.01.! The only noise our
signal has is due to floating point numbers and we decide upon
the penalty parameter A = 10~ which displays great perfor-
mance in terms of accuracy and computation time, which has
been tested on a set of randomly generated signals composed
of ~10-20 frequency components.

As input time signals f we use the expectation values of
breathing observables Y, £? for the majority species and $*
for the impurity evaluated with respect to the dynamical state

'We remark that similar resolution with DFT can be obtained with
T ~ 600.

|W(t)) obtained by ML-X. We apply the CS algorithm to ob-
tain the corresponding vector . Then, we map g back to g and
convert complex values into amplitudes, i.e., g; — |Re(g;) +
Im(g;)|. The final vector we call a Fourier power spectrum and
label it as X 2 (w) for the majority component and ¥ >(w) for the
impurity. Finally, for a fixed set of physical parameter values
we construct an averaged power spectrum ¥ = (X2 +Y?2)/2.
An example is shown in Fig. 2. Each frequency is classified
as being of a majority type (red), an impurity type (blue), or
of a mixed type depending on the relative weights of X2 and
Y2 in . These are encoded in subsequent figures (Figs. 7—
10 and 13) as a pie chart of two colors for each breathing
frequency. Additionally, we use the transparency to indicate
the magnitude of participating breathing modes relative to
the most relevant mode of amplitude max(X) = ¥;,x such
that faded colors imply less relevant modes. Frequencies with
a contribution below X,./10 are discarded. This amounts
to neglecting (i) low-amplitude oscillations among any two
eigenstates not involving the reference eigenstate with the
largest population, and (ii) numerically introduced “phantom”
peaks which are also of minor amplitude. While the amplitude
filtering allows us to focus only on major modes participating
in the breathing dynamics, it introduces discontinuities in the
subsequent figures (Figs. 7-10 and 13). Namely, it causes
some modes, usually of a faint color, to “randomly” appear
and disappear with increasing g4p. The reason is a fluctuation
in the population of eigenstates responsible for these modes
resulting in mode amplitude fluctuation around the chosen
threshold value.

A last remark is in order. Occasionally, the matrix M be-
comes ill conditioned. As a result, the algorithm produces a
nonunique solution. Whenever this happens, we obtain either
wrong frequencies or correct frequencies but with altered
amplitudes. Fortunately, as we monitor the frequency modes
continuously as a function of g45 we are able to differentiate
between the two cases. In the first case, we manually remove
all frequencies at given g4p, while in the second case we may
encounter isolated absent data points.

IV. RESULTS

First, in Sec. IV A we summarize results concerning the
breathing dynamics of a single particle, a single-component
condensate, two distinguishable particles, and a particle-
balanced few-body Bose-Bose mixture. This will provide us
with useful insights for the interpretation of breathing modes
unraveled in the Bose polaron setup being the subject of
Sec. IVB. In Sec. IV C we investigate the impact of the trap
ratio 7 on the breathing spectrum accounting for two cases: a
“broad” (n < 1) and a “narrow” ( > 1) impurity. Finally, in
Sec. IV D we study the breathing response of the first excited
state having odd global parity and contrast it to the response
of the ground state which is of even global parity.

In the following, when all interactions are zero we employ
a notation |ii) = |ny, ny, . ..) to denote n; particles occupying
the ith orbital of a single-particle quantum harmonic oscil-
lator. It is not to be confused with permanents introduced
in Sec. III A where the orbitals are variationally optimal at
each time instant. We also drop the redundant zeros in the
vector tail once all the particles have been accounted for, i.e.,
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FIG. 2. Fourier power spectrum X?(w) (a) and Y?(w) (b) obtained by applying a compressed sensing algorithm to the expectation
values of the breathing observables (), fc?) . and (%), (insets) evaluated with respect to a dynamical state |¥(t)) obtained by the multilayer
multiconfiguration time-dependent Hartree method for mixtures. In the averaged power spectrum X(w) (c) the dashed line indicates a threshold
magnitude and only frequencies above it are accounted for in Sec. IV (see text). The physical parameters are n = 1, Ny = 5, Ny = 1, gap = 2.0,
ga = 0 (see Sec. II) and the compressing sensing parameters are 7 = 40, At = 0.1, w, = 20, and Aw = 0.01 (see Sec. 111 B). All quantities

are given in harmonic units.

>".n; = N. The notation |ii*) ® [ii¥) denotes a product state
for the two components. Note that for unequal traps (n # 1)
the orbitals for each species are different.

For Figs. 7-10 and 13 we did a comparison to results ob-
tained from the ML-X method of lower dimension S = s, = 6
(S =55 =4), for Ny =5 (N4 = 10) particles. Instead of dis-
playing the corresponding plots of less converged simulations
we put together the most relevant findings for the reader to
keep in mind while reading Sec. IV. First, for the values of
corresponding frequencies, we evidenced small quantitative
discrepancies below £0.02 (in harmonic units), being larger
for stronger couplings. Second, we observed that the trans-
parency of the modes (mode amplitude) as well as the ratio
of pie slices (species correspondence) for each point maintain
their overall qualitative behavior.

A. Few-body Bose-Bose mixture

The breathing mode frequency of a single particle confined
in a parabolic trap of frequency w is known to be Q2 = 2w,
corresponding to an excitation by two energy quanta |0, 0, 1)
with respect to the harmonic oscillator basis. An ensem-
ble of N noninteracting (g = 0) bosonic particles introduces
an additional eigenstate of the same excitation energy 2w,
namely, a two-particle excitation [N — 2, 2) being degenerate
with |[N — 1, 0, 1). For interacting particles, the degeneracy is
lifted. The frequency of one mode remains constant for any g
and relates to the c.m. breathing motion. The frequency of the
other mode is highly sensitive to a variation of g and charac-
terizes the relative motion of particles [77,108]. A mean-field
ansatz for the breathing dynamics, being a single-particle pic-
ture, is able to recover only the interaction-sensitive breathing
frequency, though with quantitative deviations as compared to
an exact solution, especially at sizable interactions.

1. 1+ 1 mixture

The Hamiltonian (1) can be solved analytically for Ny = 1
and Ng =1 at n = 1. To this end, we perform a coordinate
transformation to the relative frame composed of the center
of mass R = (x 4+ y)/2 and relative r = x — y coordinates. In

this frame, the two degrees of freedom decouple H = Hy +
H,.

The first term Hg is a quantum harmonic oscillator of mass
mr = 2:

82
49R?
The solutions ®(R; my) are the well-known Hermite func-

1

tions
1/4 2
_W() eXp(—mTZ>Hn(\/TT1Z) ©)

with m the particle mass and H,, the physicists’ Hermite poly-
nomials. The corresponding eigenenergies are €; = k + %

The second term H, is a quantum harmonic oscillator of
mass m, = % with a delta constraint:

2

+R &)

Hy =

m

T

Dy(z;m) =

2

1 2
Hy = ——— + >+ g5(r),

a2 4
where we substituted g4 — g to simplify the notation. The
solutions can be classified by parity:

)

[ even
[ odd.

Dyie,1/2)(1),

d(r;m,), ®)

¢>,(r)={

The even parity states are the symmetrized parabolic cylinder
2
D, (z) = V2t exp (——

functions
1
U —
4 2

with U (a, b, z) denoting the Tricomi’s hypergeometric func-
tion and su(g,1/2),> being a real-valued quantum number
obtained by solving a transcendental equation

1—
__ilh (%)
g=-2 5 =)
which for a fixed g gives a ladder of solutions and / /2 refers to

2
the index number. The corresponding eigenenergies are €, =
w(g, 1/2) + % The odd parity states vanish at r = 0 and thus

11, ©)
M72,2Z

(10)

2l < (g 1/2) <1+ 1for0 < g < oo.
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FIG. 3. Breathing mode frequencies (opaque lines) ;. ; = Ey; —
Eoo [see Eq. (11)] of two distinguishable particles Ny =1 and
N =1 as a function of the coupling gss = g at equal trapping
frequency ratio n = 1. Population amplitudes (transparent lines) ¢y
[see Eq. (13)] of eigenstates |y ;) upon quenching the ground
state |Eo),, from no = 1.05 to n = 1. Crosses stand for frequencies
extracted from a laboratory frame mean-field ansatz. Inset: repre-
sentative example of dynamical symmetry breaking in the one-body
densities p; (x, t) (left) and p; (y, t) (right) at 2.5 < g < 6.5 occurring
for a mean-field ansatz. All quantities are given in harmonic units.

do not experience the delta barrier. They are the odd parity
Hermite functions &, (r; m, ) of mass m, and eigenenergy €; =
I+ 3.

The two-body eigenstate becomes a product state
V(R r) = ®p(R; mg)¢; (r) with total energy:

{k +u(g1/2)+1, leven
E =

l odd. (in

T lk+1+1,
Having analytical expressions for the eigenstates, we proceed
with the breathing dynamics induced by releasing the trap
of the second particle slightly from ny = 1.05 to n = 1. The

time evolution of the prequench ground state |Eop), can be
expressed in terms of postquench eigenstates |y ;):
12)

|E0) - CkA,le it |¢k,l> .
no
k,l

To find the occupancy of eigenstates cx; = (1/fk,l|E0),,0 we

perform first-order perturbation theory for the ground state:

(Yraly*1¥0.0)
e = Ay e Voo)

13
o (13)

with An = no —n and Q; = Ex; — Eo,0. The coupling op-
erator y? = R? — Rr + r? /4 can populate states |y o) via R?,
[Y0.2) via 72, and |y 1) via Rr. All these states are of even
global parity, |Y») and |y ,) are of even c.m. parity, and
[1.1) is of odd c.m. parity. They have the same energy gap
Q.1 = 2 with respect to the ground state at g = 0. We call
them the first-order breathing manifold.?

3The nth-order breathing manifold has an energy gap 2n with
respect to the ground state at g = 0.

In Fig. 3 we display the energy gaps (opaque curves) as
a function of g (cf. also Fig. 8 in [76]). We concentrate on
the three eigenstates from the first breathing manifold. At
g = 0 they are degenerate with excitation energy 2 = 2. In
the laboratory frame, these are a single-particle excitation by
two energy quanta in either of the components, i.e., |0, 0, 1) ®
[1) and |1) ® 0,0, 1), as well as a two-particle excitation
|0, 1) ® |0, 1). The latter can be thought of as a “correlated”
sloshing excitation: (X) = (Y) = 0 and (XY) # 0. Below we
will reveal what kind of motion the particles actually undergo.

When the interaction strength g becomes nonzero, we
employ the relative frame. The degenerate manifold splits
at finite g. The frequency of the c.m. mode [y ) is inde-
pendent of interactions €2, = 2 (black solid opaque line).
The relative motion mode |y ,) features an interaction-
sensitive frequency 0, = [u(g, 1) — (g, 0)] (red dashed
opaque line), which displays a single minimum at positive g, is
monotonically decreasing function of g left of this minimum,
and saturates as g — oo. Curves with such behavior will be
abbreviated as single turning point (STP) curves. Actually,
all mode frequencies will saturate at large positive g because
of contact interaction: the eigenenergies are monotonically
increasing functions of g,* and are bounded from above due to
hard-core repulsion.’ The hybrid “sloshing” mode | ;) has
a frequency 211 = [2 — (g, 0)] (blue dashed-dotted opaque
line) which is a monotonically decreasing function of g. It
saturates to a frequency €2 = 1 at very large positive couplings
matching the interaction-independent sloshing (dipole) mode
frequency of a single-component condensate in a harmonic
trap [52].

Thus, distinguishability allows for an additional breathing
mode. A laboratory-frame mean-field ansatz (crosses) pre-
dicts two interaction-sensitive breathing frequencies though
neither of the exact modes is matched quantitatively for all
g. Importantly, the monotonically decreasing frequency can
be matched only at very weak interactions, implying the rele-
vance of entanglement in multicomponent mixtures. There is
even a region of interactions 2.5 < g < 6.5, where dynamical
symmetry breaking takes place, i.e., the parity symmetry be-
comes violated after some propagation time (see the inset).
It starts right after the low-frequency mean-field mode has
reached the value 2 = 1 around g = 2.5, being the limiting
value of the exact mode |y ;) at g = oo.

What kind of motion does each mode induce? In the
relative frame, the one-body densities p;(R,t) and p(r,t)
undergo the following evolution:

p1R. 1) ~ & o p" V(R + 23 coockrpi " (R) cos(Qu i),
pi(r 1) ~ ooV ) + 23, coockip) () cos(Qut)

with the time-independent background densities p\"” (R) and
pfo‘o)(r), modulation densities pfk‘l)(R) = fdr pék’l)(R, r)

and  pV(r) = [dRpSP(R, 1), where  pP(R, r) =

*0E;/dgap = [ p3®(z, z) dz > O with p®(z) being the diagonal of
the reduced intercomponent two-particle density obtained from the
many-body eigenstate |E;(gap)).

Sp4B(z,7) — 0as gap — 0.
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Yo,0(R, )Y (R, r). We neglected terms c; jc; related to
oscillations among the excited states. Inserting the occupied
eigenstates we mentioned previously, we get

PI(R, 1) = 5 ®5(R) + 2¢0,0¢2,0Po(R)D2(R) cos(21),
p1(rt) = cé,oqbé(r) + 2c0,0c0,2¢0(r)P2(r) cos([e(g, 1)
— u(g, 0)]r).

Thus, p1(R,t) performs a constant frequency (€20 =
2) breathing oscillation, while p;(r,¢#) undergoes an
interaction-dependent single-frequency (20, = [(g, 1) —
w(g, 0)]) modulation.

The state [y;;) and the related frequency (2;; =[2 —
u(g, 0)]) are not represented in the reduced “one-body” quan-
tities of the relative frame and can be only revealed on the
“two-body” level. In particular, R and r do not perform
a sloshing motion, i.e., (R) = (r) = 0 which implies (x) =
(y) = 0. Instead, (Rr) =A cos([2 — (g, 0)]t) with ampli-
tude A = 2coc1,1 [f dR drRrpél’l)(R, ).

What is the imprint of the individual oscillatory term
pék’l)(R, r)cos (S ;t) of the relative frame density matrix
p2(R, 1, t) describing the two-particle evolution on the re-
duced one-particle density p;(x,?) of the laboratory frame?
To this end, we transform ,o;k’l)(R, r) to the laboratory

frame and integrate over the coordinate y to get p}k’l)(x).
The corresponding modulations are shown in Fig. 4. Fig-
ure 4(a) demonstrates the time-independent background
density pfo‘o) (x). At negative g (dotted) it is a narrow Gaus-
sian, which broadens with increasing g (solid) until it finally
splits into a two-hump configuration (dashed) indicating that
phase separation has taken place. Figure 4(b) is a density
modulation (at t = 0) stemming from the c.m. breathing
pgz’o)(R, r)cos (22,0¢). The exact shape is very sensitive to
g variation and in particular to the two-hump structure of
the background density at g = 8 where it develops additional
nodes. The dotted and solid curves are typical shapes respon-
sible for the breathing motion of a Gaussian background.
The dashed curve (g = 8) induces breathing for each indi-
vidual hump of the background density. Figures 4(c) and
4(d) are density modulations (at t = 0) stemming from rel-
ative motion breathing p{"(R, r)cos ([1t(g, 1) — u(g, 0)Ir)
and hybrid sloshing pél’l)(R, rycos ([2 — u(g, 0)]¢). For a
Gaussian background they produce breathing, while for a two-
hump profile we expect a simultaneous outwards and inwards
sloshing of the two humps. Both the magnitude and functional
behavior of the modulations are robust to g variation. The sec-
ond particle p;(y, t) does exactly the same, except pfl’l)(y, t)
is inverted, i.e., it has a phase shift of .

To summarize, two distinguishable particles feature an ad-
ditional breathing mode in contrast to two indistinguishable
particles. The responsible eigenstate has even global parity,
though it is of odd center-of-mass parity and odd relative
parity. It relates to a hybrid sloshing: (Rr) # 0 while (R) =
(r) = 0. It induces a breathing oscillation of the one-body
densities though they have a relative phase shift of 7. The re-
lated mode frequency is a monotonically decreasing function
of the interparticle interaction g and a mean-field ansatz fails
to capture its functional behavior except for a linear trend at
very weak interactions.

A29(x) (hu)

062%(x) (hu)

-04 T T T T T

A22(x) (hu)

A (x) (hu)

x (h.u)

FIG. 4. Decomposition of the one-body density p;(x): (a) time-
independent background and time-dependent single-frequency mod-
ulations pik")(x) induced by (b) center-of-mass breathing ,oéz‘o),
(c) interparticle distance breathing péo’z), and (d) hybrid sloshing
pé"” at different interaction strength g. All quantities are given in

harmonic units.

2. 2 + 2 mixture

A noninteracting two-component mixture features in total
five eigenstates which are two energy quanta above the ground
state: two single-particle excitation states [Ny —1,0,1) ®
|Ng) and |[N4) ® |[Ng — 1,0, 1), two states having two indis-
tinguishable particles excited [Ny — 2, 2) ® |[Np) and |[Ny) ®
|Ng — 2, 2), and, finally, a state where one particle in each
component is excited |Ny —1,1) ® |[Ng — 1, 1). The inter-
actions will (partially) break this manifold of degenerate
eigenstates. Each of these states, once populated in the
initialization step, will induce a breathing oscillation of a
characteristic frequency. Together they represent a first-order
breathing manifold.® To get an insight how the respective
frequencies behave depending on the system’s interactions,
we briefly summarize and complement the results obtained in
[88]. For a few-body fermionic mixture see also [76].

®A breathing mode is said to be of nth order if its frequency can be
traced to a value 2w, n when adiabatically tuning all the interactions
to zero.
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FIG. 5. Energy gaps Q; = E; — Ej (with respect to the ground
state |Ep)) of a few-body bosonic mixture Ny =2 and Ny =2 as a
function of the intercomponent coupling g4 at equal trapping fre-
quency ratio n = 1, intracomponent interaction strength gz = 0 for
the second component and (a) g4 = —0.5, (b) g4 =0, (c) g4 = 0.5
for the first component. Whether the corresponding eigenstates are
actually excited depends on the quench protocol. Different colors
(line styles) refer to the center-of-mass (c.m.) quantum number in
the eigenstate |E;). The c.m. is a decoupled degree of freedom in this
harmonic confinement. The insets represent a zoom-in on regions
with avoided crossings which are indicated by circles and caused by
ga # gp asymmetry. Curves of different colors (line styles) may only
cross. All quantities are given in harmonic units.

In [88], each component consists of two particles trapped
within the same parabolic confinement n = 1. Both compo-
nents experience a sudden but weak trap quench of the same
magnitude and the system’s response is studied for differ-
ent intracomponent and intercomponent interaction strengths.
Importantly, the c.m. motion decouples while the quench
operator prevents transitions among eigenstates possessing
different c.m. parity. By performing an exact diagonalization
method based on a correlated basis (see [88] for more details)’
up to four breathing mode frequencies have been identified

It can be applied to bosonic mixtures of Ny <2 and Nz < 2
particles subject to contact interactions in a 1D harmonic trap.

and analyzed. These are reproduced in Fig. 5 as a function
of the intercomponent coupling gap for three different intra-
component interaction values g4 [Figs. 5(a)-5(c)], assuming
g = 0. The curve colors (line styles) encode the c.m. quan-
tum number of the responsible eigenstates |E;), while the
reference state |Ef) is the ground state |Ep) of even c.m.
parity.

The blue dotted curve is a double excitation of the c.m.
harmonic oscillator, the 2., mode. Thus, it is independent
of interactions g, gg, and gap. The three black solid curves
are interaction-sensitive relative motion modes. They have
been labeled 2, Q_ (24, 2p) for species-(anti)symmetric
parameter choice, i.e., g4 = gp (ga # gp), and Q24p. All of
them are STP curves. The €245 mode is quite shallow, weakly
affected by intracomponent interactions and degenerates with
Qcm. at strong coupling gag. The two lower ones are very
sensitive to intracomponent interactions and, depending on
the presence of the species-exchange symmetry,? they either
intersect or experience a bending in the vicinity of avoided
crossings [Figs. 5(a) and 5(c) at g4 ~ 0].

Thus, for a weak species-symmetric trap quench, the
system features 2—4 of the above-mentioned breathing fre-
quencies depending on the strength of interaction parameters.
For a weak species-asymmetric trap quench, all the above-
mentioned modes are still energetically accessible plus one
extra mode of a comparable frequency. Indeed, based on our
discussion on the 141 mixture, we anticipate an eigenstate
with odd c.m. parity and even global parity to eventually con-
tribute to the dynamics. The corresponding breathing mode
frequency is represented by the red dashed curve in Fig. 5. We
observe again a monotonous decrease of the mode frequency
with increasing coupling g4p until it energetically separates
from one of the relative modes at g4 ~ 1 and, finally, sat-
urates to a value of 1.0 at gqp > 4. Its frequency is barely
affected by g,. Interestingly, the mode is again invisible to
numerical approaches which ignore the entanglement as we
evidence by comparing a numerically exact solution to a SMF
ansatz.

B. Few-body Bose polaron

Now we turn our attention to a single impurity Np =
1 in a few-body majority environment having Ny =5 or
10 particles. In contrast to [88], here, we initiate the breath-
ing dynamics by relaxing only the B component, while the
A component is affected indirectly via the intercomponent
coupling g4p. Representative breathing motions in each com-
ponent can be seen in Fig. 6. At n = 1 the c.m. motion still
decouples from the relative motions. In particular, the quench
operator may mediate between eigenstates of different c.m.
parity inducing eventually a special breathing mode caused by
population of an eigenstate with odd c.m. parity. Furthermore,
there is only one particle in the B component. Thus, a double
excitation state |Ns) ® |[Ng — 2,2) (see Sec. IV A) does not
exist and we expect that one of the relative modes (black
solid curves in Fig. 5), whose frequency is notably affected
by interactions, will not be present.

8Corresponding to a map x; > y; at g4 = gz.
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FIG. 6. Breathing oscillations of the one-body densities of the majority component pf (x) (first row) and the impurity p?(y) (second row)
at a fixed majority-component interaction g4 = 0.5 for Ny = 5 and Ny = 1 particles initiated by preparation of the ground state of even global
parity followed by an abrupt change of the trap ratio from 7 = 1.05 to 1. Columns 1-3 correspond to different intercomponent couplings:
(a) gap = 0.5, (b) gap = 1.0, and (c) gap = 1.5. Note that the initial state displays the onset of phase separation in (b) and a pronounced

core-shell phase in (c). All quantities are given in harmonic units.

In Figs. 7 and 8 we show the excitation spectrum of the
breathing dynamics initialized by quenching the equilibrated
system at trap ratio n = 1.05 to 1, i.e., partially releasing
the trap of the impurity. The majority component consists of
Ny =5 (Fig. 7) or Ny = 10 (Fig. 8) particles subject to several
different majority component interactions g4 [Figs. 7(a)-7(c)
and 8(a)-8(c)]. Only frequencies of modes whose contribu-
tion is above 10% of the maximum amplitude X,,,x in the
averaged power spectrum are shown. Additionally, each fre-
quency data point (full circle) is represented as a pie chart
of two different colors and encodes the contribution of the
breathing observables to the averaged power spectrum (see
Sec. Il B): blue color for the impurity > and red color for the
majority component Y, ;. The decomposition into colors
tells us whether the respective mode is a single-species mode
or whether it is of a mixed character and to what extent.
Furthermore, the color intensity indicates the participation of
the respective mode in the breathing dynamics as compared
to the most relevant mode at fixed g45 (a more intense color
indicates a stronger contribution). Finally, the crosses repre-
sent frequencies of modes excited by the same procedure but
numerically ignoring the entanglement in the initial state and
the subsequent dynamics (SMF approximation).

Let us first focus on Fig. 7(b), the case of a noninteract-
ing majority species (g4 = 0). At g4p = 0 only the impurity
is excited (blue circle) performing a breathing motion with
frequency 2 = 2 as expected. As one increases the coupling
strength (gap > 0), a second mode of decreasing frequency
emerges resulting in a beating. This mode has the largest
contribution to the ongoing dynamics and is of a mixed type,
i.e., it appears both in the majority and impurity breathing
observables. For the latter reason it can correspond to the Q45
mode of even c.m. parity or to the hybrid sloshing mode of
odd c.m. parity we introduced in the previous section. The
quench operator can mediate among eigenstates of different
c.m. parity so both are allowed to be populated. Considering
limited frequency resolution and the possibility of a quaside-

generacy of the red (dashed) mode with a black (solid) mode
observed in Fig. 5, it is likely that the observed mode gets a
contribution from both eigenstates. For that reason, no partic-
ular eigenstate label can be assigned to it. The frequency of
the other mode experiences only a slight variation Q ~ 2. It is
represented to a larger extent in the majority component, has
a minor amplitude, and is reproduced by a SMF ansatz. Thus,
we assign it to the €24 mode encountered in Sec. IV A (cf.
black curves in Fig. 5), though here it is less sensitive to gag
variation, supposedly due to the particle-number imbalance.

Around gap ~ 0.75 the lower frequency splits into two
branches of comparable significance, resulting altogether in
three modes. One of the emerging branches possesses a
continuously decreasing frequency with increasing gap ap-
proaching the value € = 1. It matches the description of the
hybrid sloshing mode which was emphasized in Sec. IV A
(cf. red dashed curve in Fig. 5). Interestingly, it is equally
represented in both subsystems despite the particle-number
imbalance and quench asymmetry. The other frequency
branch bends and starts recovering towards 2 = 2 with in-
creasing g4p while gradually becoming a pure signature of the
impurity motion only (the blue slice dominates at g4p = 2). It
matches the functional behavior of the 245 mode (STP curve)
mentioned in Sec. IV A (cf. the black solid curves in Fig. 5).

At weak negative coupling (gap < 0) one observes also a
beating behavior, although here both frequencies are increas-
ing with decreasing g45. The dominant frequency in the power
spectrum is more sensitive to the coupling variation, is of a
mixed type and reproducible by a SMF ansatz (€245 mode),
while the second is barely affected and primarily represented
in the majority component (£24 mode). Below a certain thresh-
old (gap < —0.4) one observes low-amplitude traces of a third
frequency.

We discover several major alternations in the excitation
spectrum when the majority component becomes interact-
ing. For weakly attractive (g4 = —0.5) majority particles in
Fig. 7(a) the coupling-insensitive mode frequency is seem-
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FIG. 7. Frequencies Q2 of breathing modes excited by quenching
the ground state |Ej) of the Bose polaron for Ny =5 and Np = 1,
meaning a change in the trap ratio from n = 1.05 to 1.0, shown as
a function of the intercomponent coupling g4 for a fixed majority
component interaction (a) g4 = —0.5, (b) g4 =0, and (c) g4 = 0.5.
Each frequency data point (full circle) is divided into two sectors
(of different colors) representing the contribution of the breathing
observables ()", %), or (3%), to the averaged power spectrum X at
that frequency (see Sec. III B). The corresponding color intensity in-
dicates the relative strength with respect to the maximum amplitude
Tmax in the averaged power spectrum for fixed g4z and only modes
with contribution above 10% of %, are presented. Crosses stand for
frequencies of modes excited within the SMF approximation. Black
dashed line indicates the entanglement entropy S, of the initial state.
All quantities are given in harmonic units.

ingly absent. At positive increasing g4p the bifurcation of
the continuously decaying frequency takes place already for
a very weak coupling strength (gap = 0.1). It can be related
to the fact that the phase separation also takes place at weaker
couplings. The character of the excited modes is mostly the
same as for g4 = 0. At negative decreasing g4z we observe an
emerging multifrequency breathing composed of three modes.
The lower-frequency mode loses amplitude in favor of higher-
frequency modes (—0.4 < gag < —0.1). Then it turns into a
single-frequency breathing (g4p < —0.4) affecting both com-
ponents in a similar way.

For weakly repulsive (g4 = 0.5) majority particles in
Fig. 7(c) the coupling-insensitive mode frequency is still
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FIG. 8. Same as in Fig. 7 but for Ny =
given in harmonic units.

10. All quantities are

present though energetically shifted downwards to 2 = 1.9.
The respective mode is weakly represented in the overall
dynamics and affects mainly the majority component. The
sensitivity to g4 is yet another indicator that this is the
Q4 mode. The point of bifurcation in the lower-frequency
branch is located at a stronger coupling g4p ~ 1.8. Phase
separation takes place also at stronger couplings which sup-
ports our previous conjecture. At negative gsp below a
certain threshold (g4p < —0.3) a third mode is excited. In
contrast to g4 = 0, this additional mode is rather mani-
fested in the impurity breathing and has a larger frequency.
In summary, the majority component interaction g4 deter-
mines the coupling value at which the bifurcation takes
place as well as the offset of the coupling-insensitive fre-
quency and whether it can be addressed by the current
quench protocol.

Next, we double the number of majority component atoms
to get an idea of how it affects the excitation spectrum. In
the following, we compare the corresponding subfigures of
Figs. 7 and 8. We note that at Ny = 10 the interval of the
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considered couplings is g4 € [—0.5, 1.0] as the convergence
is more challenging to achieve beyond gap > 1. At g4 =0
[Fig. 8(b)] the bifurcation point is located at a smaller value
of g4p compared to the Ny = 5 case [see Fig. 7(b)]. Increasing
the particle-number imbalance accelerates the phase sepa-
ration [49]. The coupling-insensitive €24 mode frequency is
barely affected by the particle-number imbalance.

At g4 = —0.5 [Fig. 8(a)] and positive g4p the minimum
of the Qup frequency mode is shifted to larger frequen-
cies and smaller values of the coupling gss. The frequency
value recovers back to 2 = 2 more quickly already at g4 &
0.75. The coupling-insensitive €24 mode becomes visible at
negative gap and even dominates the breathing dynamics,
although the amplitude decays considerably towards g4p =
0 and there are only minor traces left at positive coupling
(0.25 < gap < 0.4). It is certainly present in the breathing
dynamics at positive g4p, but the contribution is not signif-
icant enough to overcome the set threshold. The respective
frequency is shifted to Q =~ 2.4. At g4 = 0.5 [Fig. 8(c)]
the frequency of the coupling-insensitive €24 mode expe-
riences a slight shift downwards. At negative gsp it gains
amplitude with decreasing gsp until it becomes a dominant
mode below gsp < —0.25. The bifurcation point at posi-
tive gap is unfortunately not visible within the covered gap
interval.

Lastly, we want to emphasize the importance of entangle-
ment in our Bose polaron setup. To this end, we neglect it both
in the initial state and in the subsequent dynamics (crosses
in Figs. 7 and 8). The first striking observation is that in the
SMF case, at most two frequencies can be extracted. The
mode we are missing from the exact simulations is the one
whose frequency is a monotonically decreasing function of
gap, making appearance at finite positive g4p. We call a mode,
which is not reproducible by a SMF ansatz, an entanglement-
sensitive mode. It can be assigned to the eigenstate of odd
c.m. parity, also called hybrid “sloshing” mode. Regarding
the persistent modes, the €24 mode with coupling-insensitive
frequency is overall well captured by the species mean-field
ansatz, although it tends to overestimate the frequency for
large positive values of g45. The €245 mode, whose frequency
is STP function of g4, in general is not well matched by SMF
ansatz either mispredicting the location [Fig. 7(c)] or the exact
value [Fig. 7(a)] of the minimum. Even if both the location
and the value of the minimum are well matched [Fig. 7(b)]
there is an increasing discrepancy for strong positive g4p. For
a larger particle number (Fig. 8), the consistency between
approximated and exact frequencies is much better, though
here also we have a mode not reproducible by a SMF ansatz
featuring the same functional behavior.

To summarize, we are able to excite up to three breathing
modes in the Bose polaron setup by quenching only the impu-
rity. First, there is a coupling-insensitive 24 majority mode.
Its frequency can be manipulated by the particle-number im-
balance or the majority component interaction. Second, there
is a monotonically decreasing frequency making appearance
at finite positive gap and converging towards 2 = 1.0 with
increasing g4p. It cannot be described by the species mean-
field ansatz and matches the functional behavior of the hybrid
sloshing mode encountered in the 1 + 1 and 2 4 2 mixtures.
Third, we have a large-amplitude €245 mode which is of a
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FIG. 9. Frequencies 2 of breathing modes for Ny = 5 and Ny =
1 as a function of the intercomponent coupling g45 at fixed majority
component interaction g4 = 0. The trap ratio is quenched in (a) from
n = 0.536t0 0.51 and in (b) from n = 4.2 to 4. Color coding accord-
ing to Fig. 7. Black dashed line indicates the entanglement entropy
S,v of the initial state. All quantities are given in harmonic units of
the majority component.

mixed type. The mode frequency is STP function of g4p with
a minimum being sensitive to g4 and Ny.

C. Impact of the trap

Let us now focus on the impact of the external trap, more
specifically we consider a situation where the length scale of
the impurity Ip = 4/1/7, set by the parabolic trap, is either
broader (I = 1.4) or narrower (I = 0.5) in the postquench
system. The quench strength is still 5% of the original trap
parameter.

We start with the case of a “broad” impurity n = 0.51.
In Figs. 9(a) and 10(a) we show the breathing spectrum for
Ny = 5 and 10 majority atoms, respectively. To gain an intu-
itive picture we set g4 = 0. For the decoupled case g4p = 0,
the lowest-frequency mode is caused by the eigenstate
|N4) ® 10, 0, 1), corresponding to a standard breathing of the
impurity at frequency €2 = 1.02. It is the only mode excited.
Once coupled (gap # 0), several other eigenstates may
become populated leading to additional breathing modes. The
states in question can be continuously traced back to the low-
energy eigenstates of a decoupled impurity. First, we have the
state [Ny — 1, 1) ® |0, 1) corresponding to a hybrid sloshing
mode at frequency 2 = 1.51. Then follows a quasidegenerate
manifold of three modes: two majority component modes at
the same frequency 2 = 2 caused by [Ny — 1,0, 1) ® |1) and
INa —2,2) ®|1), and a second order breathing of the
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FIG. 10. Same as in Fig. 9 but for Ny = 10. All quantities are
given in harmonic units of the majority component.

impurity at frequency €2 = 2.04 mediated by [Ns)®
|0,0,0,0,1). Any higher-frequency modes are unlikely
to be involved.

At weak coupling gsp there is only one relevant mode
excited. It originates from the state |N4) ® |0,0, 1) and is
barely detectable in the majority component breathing. The
corresponding frequency is STP function of g45 with a mini-
mum at g4 ~ 0.5 for Ny = 5 [Fig. 9(a)] and at gap =~ 0.25
for Ny = 10 [Fig. 10(a)]. At strong positive gap, a beating
behavior emerges. The amplitude of the additional mode in-
creases gradually with increasing g4p while the corresponding
frequency Q ~ 1.2 is only weakly affected by the intercom-
ponent coupling or the particle number. At negative moderate
gap there is also a beating. The major amplitude mode, orig-
inally being an impurity mode (blue), evolves gradually into
the majority component mode (red). The other mode appears
just below gap < —0.25 and affects primarily the majority
species.

The SMF fits well the lowest frequency at negative gsp
and at weak positive g4z until the minimum is reached. After-
wards, it overestimates the frequency having larger deviations
at stronger positive g45. We witness that SMF is incapable to
identify an emerging mode at positive g4p, though at negative
gap it does register the beating behavior. It implies that the ad-
ditional modes entering the dynamics at positive and negative
gap are of a different character. Based on the insights gained
in the previous section, namely, the presence of a breathing
mode which is inaccessible to the SMF treatment, we conjec-
ture that the additional mode emerging at positive g4p stems
from the hybrid sloshing mode [Ny — 1,1) ® |0, 1) atgapg =0

and 2 = 1.51. Its contribution grows as the entanglement
becomes stronger.

Next, let us focus on the case of a “narrow” impurity n = 4.
The corresponding breathing spectrum is depicted in Fig. 9(b)
for Ny =5 and in Fig. 10(b) for Ny = 10 majority atoms.
At gap = 0 we excite only the standard breathing mode of
the impurity at frequency 2 = 8 caused by the eigenstate
|N4) ® 10,0, 1). Considering the amount of available even
parity eigenstates with energies up to eight quanta (40 for
Ny =5 and 45 for Ny = 10), one might naively think that
many modes would be excited at finite g45. This is not the
case as we count only up to six frequencies. They are well
separated from each other and admit a convenient classifica-
tion: impurity modes (blue) with > 6 and majority modes
(red) with Q < 4.

The impurity features a beating composed of two modes at
weak coupling. The gap between the corresponding frequen-
cies grows with increasing gap. The one of smaller amplitude
vanishes around g4 &~ 1.0. The contribution of the other
mode fades away quickly afterwards until it also disappears.
At strong gap the impurity motion assimilates the majority
component breathing. Both modes are reproducible by SMF
ansatz, though SMF overestimates their contribution to the
overall dynamics at strong gap.

Regarding the majority modes there is one with a nearly
constant frequency (2 & 2) entering the dynamics already at
weak coupling and making a large contribution to the ma-
jority motion across all coupling values. At weak gup it is
accompanied by an oscillation of a smaller frequency. As the
ground state is nondegenerate at g4 = 0, this frequency cor-
responds to the gap between the two blue-colored frequencies.
It also consistently disappears beyond g45 > 1 along with the
impurity modes. The latter are actually replaced by modes
of lower frequency. One of them is of particular interest. It
appears at gag =~ 1 for Ny = 5 and at g4 =~ 0.5 for Ny = 10
gaining weight with increasing gaz. The corresponding fre-
quency is a linearly decreasing function of g4p. It can be
extrapolated to frequency 2 =5 at g4p = 0, matching the
energy gap between the ground state |N4) ® |1) and the hybrid
sloshing mode eigenstate [Ny — 1, 1) ® |0, 1). The entangle-
ment is once again indispensable to account for the respective
breathing mode.

To summarize, quenching a broad impurity excites less
breathing modes barely affecting the majority motion.
Quenching a narrow impurity excites more modes which are
energetically well separated: high-frequency impurity-type
and low-frequency majority-type modes. In both cases we
evidence the presence of an entanglement-sensitive mode.
It becomes relevant after some coupling threshold and can
be traced back to a hybrid sloshing excitation [Ny — 1, 1) ®
|0, 1) at zero coupling.

D. Breathing of the first excited state

The Hamiltonian (1) has global reflection symmetry. The
eigenstates are therefore separable into two classes of even
and odd global parity. The quench operator does not vio-
late that symmetry. Accordingly, an even global parity initial
state can be expanded within the subspace of even eigen-
states. The odd global parity space of the Hamiltonian has
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its own “ground state,” meaning the lowest-energy eigenstate
of that subspace. If initialized in such a state, how will each
species respond following our quench procedure? Will it be a
few-mode breathing within each component, as for the even
global parity ground state, or a more complex motion in-
volving many modes? If only a few modes participate, how
different are the respective frequencies as compared to the
even global parity ground state?

To address the above questions, we start again with the
example of a particle-balanced few-body Bose-Bose mixture
(see Sec. IV A) at n = 1. There are several major differences
regarding the odd global parity subspace. First, in the non-
interacting regime the odd global parity “ground state” is
twofold degenerate, composed of states where a single par-
ticle of either component is excited by one energy quantum:
INgs — 1, 1) ® |[Np) and |[N4) ® |[Np — 1, 1) with respect to har-
monic oscillator basis. Once the degeneracy is lifted at finite
coupling, the perturbed eigenstates can be distinguished by
the c.m. quantum number. Since both states are likely to be
populated after the quench, we need to consider each of them
as a reference state when evaluating the energy gaps to the
neighboring eigenstates. The frequencies of excited modes
following a quench of the impurity trap will be contained
within the set of these energy gaps. Second, the first-order
breathing manifold for odd global parity subspace is com-
posed of three quanta excitations at zero interaction. There
are eight of them in total. Half of them are excitations within
a single component: [Ny — 1,0, 0, 1), [Ny — 2, 1, 1), and the
same for B species. The other four distribute the three avail-
able quanta over both components: [Ny — 1, 1) ® |[Ng — 2, 2),
INa — 1,0, 1) ® [Ng — 1, 1), and the other way around (B <>
A).

In Fig. 11 we show the energy gaps between a ref-
erence state of even or odd c.m. parity (first or second
column, respectively) and energetically closest eigenstates
(c.m. quantum number indicated by color) as a function of
the intercomponent coupling g4 for three different intracom-
ponent interaction regimes (rows).

Let us begin with the reference state of even c.m. parity
(first column). First, there is a single constant frequency mode
Q = 2 (blue dotted) for any interaction values. Second, there
is a single frequency being a monotonically increasing func-
tion of g4p (green dashed-dotted) and saturating to 2 = 3 at
strong positive g4p. Third, among the three black solid curves
there is one very weakly dependent on the interactions and it
recovers to €2 = 2 at strong positive g4z, Whereas the other
two are highly susceptible to interactions and reach values
beyond 2 = 3. Finally, the lower red dashed curve represents
the other reference state of odd c.m. parity. Regarding the
frequencies of the remaining three red dashed modes, one
of them behaves similar to the green dashed-dotted solid
mode, while the other two are highly sensitive to interactions.
Some of the crossings seen at g4 = 0 [Fig. 11(b)] among
the black solid and red dashed curves become avoided at
finite g4 [Figs. 11(a) and 11(c)] caused by broken-species
exchange symmetry. Overall, most frequencies reach values
above 2 = 2 and there is nothing common to the breathing
spectrum of the even c.m.-parity ground state (see Fig. 5)
except the constant frequency mode.

Q; (hu)

Q; (hau.)

Q; (hau)

FIG. 11. Energy gaps Q; = |E; — Ey| with respect to lowest-
energy reference eigenstates |E,.¢) of odd global parity and even (first
column) or odd (second column) c.m. parity in a few-body bosonic
mixture Ny = Np = 2. The gaps are functions of the intercomponent
coupling gsp at equal trapping frequency ratio n = 1, intracom-
ponent interaction strength gg = O for the second component, and
(a) ga =—0.5, (b) g4 =0, (c) g4 = 0.5 for the first component.
Whether the corresponding eigenstates are actually excited depends
on the quench protocol. Different colors (line styles) refer to the
center-of-mass (c.m.) quantum number in the eigenstate |E;). The
c.m. is a decoupled degree of freedom in this harmonic confinement.
The insets represent a zoom-in on regions with avoided crossings
which are indicated by circles and caused by g4 # gp asymmetry.
Curves of different colors (line styles) may only cross. All quantities
are given in harmonic units.

Focusing now on the reference state of odd c.m. parity
(second column), we notice that all five frequencies en-
countered in Fig. 5 have here a corresponding match. The
reason is that the reference state is a simple c.m. excitation,
being a constant energy shift independent of the interaction
strength. Correspondingly, the even global parity ground state
and eigenstates responsible for the first-order breathing dis-
cussed in Sec. IV A are just spectrally shifted by a common
constant. Thus, the corresponding energy gaps remain intact.
The four black solid curves are the additional new modes.
The lowest one corresponds to the even c.m.-parity reference
state of odd global parity. There is one with a monotonically
decreasing frequency and two of them are STP functions
of g4p very sensitive to interactions akin to the red dashed
mode frequencies. In the Bose polaron setup there are two
less “three-quanta” states since the two-particle excitations of
the impurity are obviously excluded. However, there is also
one more state, namely, a three-particle excitation |Ng — 3, 3)
in the majority component. Thus, the first-order breathing
manifold is composed of seven eigenstates in total. Now, we
initialize an odd global parity ground state for the subsequent
breathing dynamics (see representative examples in Fig. 12 to
be compared with Fig. 6) and extract the frequencies of par-
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FIG. 12. Breathing oscillations of the one-body densities of the majority component p{'(x) (first row) and the impurity p?(y) (second
row) at a fixed majority-component interaction g4 = 0.5 for Ny = 5 and Ny = 1 particles initiated by preparation of the first excited state of
odd global parity followed by an abrupt change of the trap ratio from n = 1.05 to 1. Columns 1-3 correspond to different intercomponent
couplings: (a) gap = 0.5, (b) gap = 1.0, and (c) gap = 1.5. All quantities are given in harmonic units.

ticipating modes shown in Fig. 13. We immediately recognize
the frequency pattern from Fig. 7. In particular, we evidence a
coupling-insensitive €4 frequency at 2 ~ 2, a monotonically
decaying hybrid sloshing mode converging to 2 = 1 and Q4p
mode being an STP function of g4p. There are, however, sev-
eral differences. Importantly, both odd global parity reference
eigenstates are participating in the dynamics, as indicated by
the lowest-frequency curve. They are of opposite c.m. parity.
Based on the excitation pattern (cf. Fig. 11) the odd c.m.
reference state has a larger contribution than the one of even
c.m.. Second, at weak positive g4p the two odd global parity
reference states are dominating the dynamics. The energy gap
between them grows with increasing g4z and approaches its
limiting value Q = 1. Meanwhile, there is a gradual transfer
of population to the hybrid sloshing eigenstate with a mono-
tonically decaying frequency. Finally, at g4 = 0.5 and positive
intermediate gap ~ 1 as well as at negative g4p we identify
some minor traces of additional modes absent for the even
global parity ground state.

To summarize, the breathing response of an odd global
parity ground state as compared to the actual ground state of
even global parity displays notable differences in the density
oscillations but bears strong similarity in the Fourier spec-
trum. We found an additional low-frequency mode of a mixed
type arising from the degeneracy splitting of the odd global
parity ground state.

V. SUMMARY

The breathing dynamics of a few-body Bose polaron in a
one-dimensional species-selective parabolic confinement has
been investigated in this work by means of the multilayer mul-
ticonfiguration time-dependent Hartree method for bosons.
The dynamics has been triggered by a weak trap quench of the
impurity for different intercomponent couplings g4p ranging
from weak attractive to intermediate repulsive values. The ma-
jority motion was affected indirectly via the majority-impurity
interaction g,p5. We extracted the frequencies of excited modes

from the breathing observables by using a compressed sens-
ing algorithm. From this we constructed an averaged power
spectrum and classified the modes according to their overall
contribution to the dynamics. We also determined whether
a mode is of majority or impurity type judged by the rela-
tive strength of respective observables in the averaged power
spectrum. To highlight the importance of entanglement in our
setup, we performed the same quench procedure for a species
mean-field ansatz, which assumes that a wave function can
be written as a single product state of combined majority
coordinates and the impurity coordinate.

Different regimes of system parameters have been ad-
dressed. The majority component was noninteracting (g4 =
0), weakly attractive (g4 = —0.5), or weakly repulsive (g4 =
0.5) consisting either of N4 = 5 or 10 particles and different
ratios of species trapping frequencies including equal local-
ization length (n = 1), a “broad” impurity (n = 0.51), and a
“narrow” impurity (n = 4.0) have been taken into account.
Finally, we studied the impact of global parity symmetry on
the breathing spectrum. To this end, we initialized the system
in the first excited state having odd global parity as opposed
to the ground state which is even.

For equal traps (n = 1) we detected up to three modes.
First, at a weak majority-impurity interaction there is a two-
mode beating. One mode is of a majority type. It does a
comparatively small contribution to the overall breathing dy-
namics while its frequency is insensitive to gsqp variations,
albeit depending on g4 and N4. It reminds us of the €24 mode
found in a few-body two-component mixture [88], though
utterly flattened supposedly due to the particle-number im-
balance and the absence of the complementary 25 mode.
Interestingly, it becomes suppressed for a weakly attractive
majority species at positive gag. The frequency of the sec-
ond mode decreases monotonically as a function of gup
until it bifurcates into two distinct frequencies. One of them
keeps decreasing and becomes equally represented in both
components. Other parameters such as majority-component
interaction strength g4 or the number of majority atoms Ny
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FIG. 13. Frequencies 2 of breathing modes excited by quench-
ing the odd global parity ground state |E;) of a Bose polaron Ny = 5
and Nz = 1 from a trap ratio n = 1.05 to 1.0 as a function of the
intercomponent coupling g4p for a fixed majority component inter-
action (a) g4 = —0.5, (b) g4 =0, and (c) g4 = 0.5. Color coding as
in Fig. 7. Black dashed line indicates the entanglement entropy S,y
of the initial state. All quantities are given in harmonic units.

barely affect this frequency. Why does the frequency behave
this way? The corresponding mode is caused by an eigenstate
of odd c.m. parity and even global parity. Its eigenenergy
is independent of interactions. As the ground-state energy is
a monotonically increasing function of gsp and saturates at
hard-core interaction, we obtain a monotonically decreasing
energy gap between the two states. Importantly, it cannot be
observed for species-symmetric trap quenches and is not a
particular feature of the Bose polaron setup but of a two-
component mixture in general. Furthermore, the entanglement
needs to be taken into account to make the mode numeri-
cally visible as we demonstrate by a comparison to a species
mean-field ansatz. The other frequency emerging out of the
bifurcation bends and saturates back to the noninteracting
frequency value with increasing g while dominating the
impurity motion. It reminds us of the coupling-sensitive 24p

mode found in a few-body two-component mixture [88],
though here it appears to be much more sensitive to system
parameters such as g4 and Njy.

By broadening the impurity trap (7 = 0.51), only one
mode can be excited at weak gsp. It is of impurity type.
The corresponding coupling-sensitive frequency features a
minimum at positive g4 and saturates at large gsp. With
increasing impurity-majority interaction, a beating emerges.
At positive gap the additional mode is sensitive to the en-
tanglement, while at negative g4 both frequencies are well
matched by the SMF ansatz. For a tightly trapped impu-
rity (n =4) up to six frequencies can be observed, though
many more modes are in principle available. At weak gap
we have two impurity-type modes and a single majority-type
mode. The two impurity-type modes are of high frequency but
are quickly fading away with increasing gap. At strong gag
the impurity oscillations start imitating the majority motion.
The lower-frequency majority-type mode has a large contri-
bution to the ongoing dynamics except at very weak gag,
while the corresponding frequency is rather insensitive to the
intercomponent interaction. At finite positive g4 we evidence
the emergence of an entanglement-sensitive mode whose fre-
quency is a monotonically decaying function of g4p. Thus,
the entanglement-sensitive mode is sustained even when the
center-of-mass motion cannot be decoupled and, surprisingly,
the corresponding frequency maintains its overall qualitative
behavior.

Regarding the first excited state of odd global parity as an
initial state for the breathing dynamics, we found the corre-
sponding excitation spectrum to bear strong similarity to the
one of even global parity ground state. It can be understood
as follows. Some of the eigenstates lying in the odd global
parity subspace have energies corresponding to the ones of
even global parity subspace except for a constant energy shift,
which is an integer number (in harmonic units) corresponding
to a c.m. excitation. Nevertheless, there are also differences.
For a weakly repulsive majority species and at intermediate
gap we observe several additional modes absent in the ground-
state spectrum. This is not surprising since the lowest-energy
breathing manifold accessible to the first excited state is larger
as compared to the ground state. Importantly, there is a slow-
frequency mode equally represented in both components. It is
caused by the degeneracy of the first excited state. For that rea-
son, the frequency starts at 2 = 0 when g4p = 0. It saturates
towards 2 = 1 with increasing g4p because the eigenenergy
of the first involved state is a monotonically increasing and
saturating function of g4z while the second is independent of
8AB-

VI. CONCLUSIONS

Overall, the few-body Bose-polaron breathing spectrum
has been studied and compared to the one of a particle-
balanced Bose-Bose mixture. The species-asymmetric trap
quench protocol employed in this work allowed to couple
eigenstates of different c.m. parity (at n = 1) as opposed
to a species-symmetric trap quench. We excited a different
kind of a breathing mode. The eigenstate responsible for
this mode can be traced back to a hybrid sloshing excitation
INa —1,1) ® [INg — 1, 1) at zero interactions. We gave an
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interpretation of the motion induced by this mode for a simple
1 + 1 mixture: for a Gaussian background one-body density
it induces a breathing motion while for a parity-symmetric
two-hump profile we observe a simultaneous outward and
inward sloshing motion of the two humps. The mode relies
on the presence of entanglement, while its frequency is a
monotonically decreasing function of gsp. This opens the
perspective to study the relation between the mode amplitude

and the degree of entanglement, stored in the many-body com-
posite state, adding yet another item into the analysis toolbox
of breathing mode diagnostics.
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We explore a few-body mixture of two bosonic species confined in quasi-one-dimensional parabolic traps of
different length scales. The ground-state phase diagrams in the three-dimensional parameter space spanned by
the harmonic length scale ratio, interspecies coupling strength, and particle-number ratio are investigated. As a
first case study we use the mean-field ansatz (MF) to perform a detailed analysis of the separation mechanism.
It allows us to derive a simple and intuitive rule predicting which of the immiscible phases is energetically
more favorable at the miscible-immiscible phase boundary. We estimate the critical coupling strength for the
miscible-immiscible transition and perform a comparison to correlated many-body results obtained by means
of the multilayer multiconfiguration time-dependent Hartree method for bosonic mixtures (ML-X). At a critical
ratio of the trap frequencies, determined solely by the particle-number ratio, the deviations between MF and
ML-X are very pronounced and can be attributed to a high degree of entanglement between the components. As a
result, we evidence the breakdown of the effective one-body picture. Additionally, when many-body correlations
play a substantial role, the one-body density is in general not sufficient for deciding upon the phase at hand

which we demonstrate exemplarily.

DOI: 10.1103/PhysRevA.102.023305

I. INTRODUCTION

Binary mixtures of ultracold gases have been extensively
studied over the past years. They represent a unique plat-
form for the investigation of complex interacting many-body
quantum systems in a well-controlled environment. In par-
ticular, it is experimentally possible to shape the geometry
of the trap [1], to reduce the dimensionality of the relevant
motion [2,3], to tune the interparticle interactions [4-8], and
prepare samples of only a few atoms [9,10]. Numerous ex-
periments have been conducted with different hyperfine states
[11-24], different elements [25-38], or different isotopes
[39,40] to reveal how the interplay between two conden-
sates impacts their stationary properties and nonequilibrium
dynamics. Highlights of these explorations include among
others the phase separation between the components and
symmetry-breaking phenomena [12,17,36,37,39], the obser-
vation of Efimov physics [38], and creation of deeply bound
dipolar molecules [28,32,33], as well as dark-bright solitary
waves [18,19] and quantum droplets [23,24].

One of the key properties, which makes the multicom-
ponent systems attractive and their physics very rich, is the
miscibility, which has significant implications for sympathetic
cooling [15,26], coarse-graining dynamics [41-44], and vor-
tex formation [45,46], to name a few. In the very early theo-
retical investigations a very rich phase space for the ground
state of the Bose-Bose mixture has been identified. These
investigations [47-52] are based on the one-body densities
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obtained from solving the underlying mean-field equations,
commonly known as Gross-Pitaevskii equations. In case of
a weak intercomponent coupling one finds a miscible phase
with a high spatial overlap between the components. For a
sufficiently large repulsive coupling there are three types of
segregated phases with a rather small overlap. Two of them are
core-shell phases with one component being symmetrically
surrounded by the other component, whereas the third is an
asymmetrical phase, where the rotational or parity symmetry
of the underlying trapping potential is broken. Neglecting
the kinetic energy (Thomas-Fermi approximation), a simple
separation criterion for the miscible-immiscible transition has
been derived [53-55]. It depends solely on the intraspecies
and interspecies interaction strengths, which are easily ad-
justable by Feshbach or confinement-induced resonances
[4-8].

However, it has been shown that this separation criterion,
while valid in homogeneous systems, should be applied with
care in inhomogeneous geometries. Thus, in a harmonic
confinement, system parameters such as trap frequency, par-
ticle numbers, and mass ratio have also an impact on the
miscible-immiscible phase boundary [56—60]. The miscibility
of a binary mixture of both bosons and fermions has been
recently addressed also in other trapping geometries, i.e., in
a box [61], double well [62-64], ring lattice [65-67], and
combinations thereof [68], as well as the dynamical aspect of
phase separation leading to pattern formations [69-72]. From
the intuitive point of view, the trap pressure favors miscibility
since it costs energy to extend in space. Thus, it requires
stronger intercomponent repulsion for the species to separate.
However, there are still open questions regarding the impact
of different length scales, the characterization of boundaries

©2020 American Physical Society
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between the immiscible phases, and what type of separation
will occur once the critical coupling is reached.

Another relevant topic affecting the critical coupling
strength for a transition as well as the resulting type of phase
are the interspecies correlations, which generate entanglement
between the components and lead to bunching of particles of
the same species. Although a mean-field treatment is often
justified in experimental setups, a very thorough numerical
analysis of one-dimensional (1D) few-body systems has re-
vealed that an asymmetric immiscible phase is one of the two
possible configurations of an entangled many-body state, the
other one being the mirror image. The one-body densities
of this so-called composite fermionization phase [73-77]
preserve parity symmetry of the underlying trapping potential
and have a high spatial overlap, which is uncharacteristic
for an immiscible phase. Nevertheless, the components are
indeed separated, which is encoded in the interspecies two-
body density matrix. In experiments, the single shots do
not represent one-body densities but are projections on one
of the two mutually exclusive configurations. An averaging
procedure would reveal a parity-preserving density, unless
the Hamiltonian itself violates that symmetry, such as not
coinciding trap centers of the one-body potentials. Apart from
composite fermionization, there are a whole class of so-called
spin-chain phases with an even higher degree of entanglement
[78-80]. When all interactions in the system become nearly
resonant, many states become quasidegenerate and particles,
being bosons, gain fermionic features like the Pauli exclusion
principle.

Considering the above, our work addresses three differ-
ent points. First, we characterize the phase diagram in a
three-dimensional parameter space spanned by the ratio of
the harmonic trap lengths, the interspecies coupling strength,
and the particle-number ratio. We switch off intracompo-
nent interactions to reduce the complexity and gain a better
understanding of the separation process. A very rich phase
diagram is revealed admitting two tricritical points, where
three phases may coexist. Second, within the framework of
a mean-field approximation, we perform a detailed analysis
of the separation mechanism. Equipped with this knowledge
we derive a selection rule for phase separation processes and
a simple algorithm to estimate the miscible-immiscible phase
boundary. Finally, we investigate the deviations of the mean-
field picture to a many-body approach. For this we use the
multilayer multiconfiguration time-dependent Hartree method
for bosonic mixtures [8§1-83]. We find that in the vicinity of
the high-entanglement regime the phase diagram is indeed
greatly affected. The symmetry-broken phase is replaced by
the composite fermionization, while the onset of symmetry
breaking is linked to the degree of entanglement reaching a
certain threshold. Furthermore, the location of this beyond-
mean-field regime strongly depends on the harmonic length
scale ratio and the particle-number ratio. We also find that
the one-body density is in general not sufficient to distinguish
between a core-shell phase and the composite fermionization.

This work is organized as follows. In Sec. II we intro-
duce our physical setup and in Sec. III our computational
approach. Section IV is dedicated to a detailed study of a few-
body mixture. Section IV A provides intuitive insights in the
framework of the mean-field approximation, while Sec. IV B

focuses on correlation and entanglement effects using multi-
layer multiconfiguration time-dependent Hartree method for
bosonic mixtures. The few-to-many-body transition is subject
of Sec. V. Finally, we summarize our findings in Sec. VL.

II. GENERAL FRAMEWORK

Our system consists of a particle-imbalanced mixture of
two distinguishable bosonic components, denoted by o €
{M, I}, with N, particles in the majority component and N;
impurities. All particles are assumed to be of equal mass m
and the intracomponent interactions are assumed to be zero
or negligibly small. The majority species interacts with the
impurities via s-wave contact interaction of coupling strength
g,,- The species are confined in separate quasi-1D harmonic
traps of different length scales a, = +/h/mw, with trap fre-
quency o, and coinciding trap centers. By choosing a), and
fiwy as length and energy scales we arrive at the rescaled
Hamiltonian:

H = Hy + H; + Hy;
N;
1, 18> 1,,
_Z( 20x7 2x")+;( 20y T2
Ny N

+8M1225(xi—yj)’ (1)

i=1 j=1

where x; labels the spatial coordinate of the ith majority parti-
cle, y; of the ith impurity particle, and n = w;/wy, denotes the
trap frequency ratio.

In this work we focus on the ground-state characterization
and consider both attractive and repulsive interactions ranging
from weak to intermediate couplings g,, € [—2, 2] with the
impurity being localized or delocalized with respect to the
majority species, i.e., aj/ay = +/1/n € [0.5,1.5]. We also
study the impact of the particle-number ratio Ny /Ny on the
system’s properties concentrating on a few-body system.

All the ingredients necessary for the realization of such a
Hamiltonian system have been demonstrated experimentally.
Mixtures of two-component BECs with the same mass can
be prepared with different atomic spin states [11-24]. The
1D geometry can be achieved by strong transversal confine-
ment or by a two-dimensional optical lattice. The interaction
strengths are tunable by Feshbach and confinement-induced
resonances allowing to vary the coupling strength between
the components and to make the intracomponent interactions
negligible [4-8]. Species-dependent trapping techniques have
been demonstrated [84,85]. Few-body systems are obtainable
for fermions via trap spilling [86] and for bosons by cutting
out a subsystem of a Mott insulator [87]. High-resolution mea-
surements with single-atom sensitivity have been proposed for
nonlattice traps by using a quantum gas microscope [88]. The
experimental realization, however, has yet to be demonstrated.

III. COMPUTATIONAL APPROACH

To find the ground state of our binary mixture, we employ
imaginary-time propagation by means of the multilayer mul-
ticonfigurational time-dependent Hartree method for atomic
mixtures (ML-MCTDHX). For reasons of brevity we call it
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ML-X from now on. This multiconfigurational wave-function-
based method for efficiently solving the time-dependent
Schrodinger equation was first developed for distinguishable
degrees of freedom [89] and ML-X is an extension to indis-
tinguishable particles such as bosons or fermions and mixtures
thereof [81-83]. ML-X is an ab initio method, whose power
lies in expanding the wave function in time-dependent basis
functions. Let us demonstrate the underlying ansatz for the
system at hand:

W) = Z\/WI\IJMO))@\D ). o)
l‘l’”(t) 3 G 1 (@) . 3)
7% |Ny

The time-dependent many-body wave function |W(z)) has
two layers: the so-called species layer (2) and the particle
layer (3). In the first step (2) we separate majority and
impurity species and assign them to S € N corresponding
species wave functions |W/ (¢)). The time-dependent coeffi-
cients A;(¢) are normalized Zis=1 Xi(t) = 1 and describe the
degree of entanglement between the components. In case
Jie{l,...,S}: ()=~ 1 the components are said to be
disentangled. In the second step (3) each species wave func-
tion |W7(¢)), which depends on N, indistinguishable coordi-
nates, is expanded in terms of species-dependent symmetrized
product states, also known as permanents or number states
i) = |n7,...,nJ ) admitting s, € N normalized single-
particle functions (SPF) |(p;’ (t)). The sum is over all possible
configurations 7i° |N, fulfilling the constraint ) ;7| ny = N,.
The time dependence of number states is meant 1mplicitly
through the time dependence of the underlying SPFs. Finally,
each SPF is represented on a primitive one-dimensional time-
independent grid [90].

When one applies the Dirac-Frenkel variational principle
[91] to the above ansatz, one obtains coupled equations of mo-
tion for the expansion coefficients (), C; 7 (t) and the SPFs
l@7 (¢)). This procedure allows to considerably reduce the size
of the basis set as compared to choosing time-independent
SPFs constituiting the number states on the particle layer (3).
We note that S = 1 A s, = 1 is equivalent to solving coupled
Gross-Pitaevskii equations. We will show parameter regions,
where the mean-field description is valid and regions where it
fails as a result of increasing interspecies correlations. These
generate entanglement between the components and decrease
the degree of condensation of the noninteracting majority
atoms.

The results of the ML-X calculations are considered to be
converged if two criteria are simultaneously satisfied. First,
the expansion coefficients A; on the species layer as well as
populations of the natural orbitals m¢ ! of species o on the
particle layer feature an exponential decay2 as a function of
the number of orbitals. This ensures that every newly added

'In the spectral decomposition of the one-body density operator
o7 =22, my |m?) (m?| the m{ are called natural populations and
|m7 ) natural orbitals.

2); and m? are sorted by magnitude in descending order.

orbital or SPF adds a significantly smaller correction to the
many-body wave function. Second, the smallest coefficients
As < € and m{ < e are below some threshold value €. The
value of € depends in general on the observable of interest
and ensures that the least contributing orbital or SPF does only
a minor correction to the observable. The ML-X simulations
obtained in this work are converged in the above sense with
€ = 1073 unless stated otherwise.

In the following, we will often refer to the one-body density
p{(z) of species o, two-body density matrix p§(z,z) of
species o, and interspecies two-body density matrix p}/ (x, y)
of the many-body density operator p = |W) (V| defined as

p7 () = (@l fo, (B} 1), “4)
03 (z.2) =z 7w, o, (B} z.2). 5)
Wixy) = oylt, fin, (21 ey, ©)

where N, \ n stands for integrating out N, — n coordinates of
component o and & # 0.

IV. PHASE SEPARATION: FEW-BODY MIXTURE

We start our analysis with a few-body system consisting
of Ny = 5 majority particles with N; € {1, 2} impurities. In
Sec. V we will discuss cases with larger particle imbalance.
Since we aim at the comparison between the mean-field
approximation and a many-body approach, we can ensure
reasonably converged results only for relatively small system
sizes. As we have emphasized previously in Sec. II, such
few-body systems are experimentally accessible.

The outline is as follows. First, in Sec. IV A, we obtain
the phase diagram within the mean-field approximation. We
uncover the mechanism responsible for the phase separation
by using an effective description and apply the obtained intu-
ition to derive an estimate for the miscible-immiscible phase
boundary. Second, in Sec. IV B, we perform a comparison
to the correlated many-body treatment by means of ML-X.
Apart from visible changes in the phase diagram we identify
the parameter space with a quick buildup of the entanglement
reaching large values already for moderate couplings. We then
develop an understanding how our intuitive one-body picture
is altered due to the presence of entanglement and what
implications it has for the ground-state phases, in particular
in the parameter space with considerable entanglement.

A. Mean-field approach: Basic mechanism of phase separation

For the mean-field description we choose a single
species orbital S = 1, yielding a nonentangled state |\W(¢)) =
WM (¢)) ® |W!(¢)) on the species layer. On the particle layer
a single SPF s, =1 is used for each component, meaning
that particles of the same species are forced to condense into
the same single-particle state ¢°(z,t) and |N,) is the only
possible number state on the particle level. Thus, our ansatz
is [W(t)) = |Ny (1)) @ |N;(t)) and only ¢?(z,t) are time de-
pendent. As a result of imaginary-time propagation, we end
up with the ground-state orbitals ¢ (z). The interpretation of
the mean-field treatment is that each species feels in addition
to its own external potential an averaged one-body potential
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induced by the other component. To obtain the effective mean-
field Hamiltonian HMF of species o we need to integrate out
the other component &. For convenience, we also subtract
the energy offset c; = (N5 |H5|N5) caused by the one-body
energy of component &'

HY'™ = (N;|HIN;) — 5
N,

= Hy +Nsg,, Y 00, (2)
i=1

Yol 192
=Y (=575 Vel + V)
2977 ‘

o192
— - Veff D), 7
,-_1< 281,-2+"(Z)) (7
where o7 (z) = |¢;F(Z)|2 is the one-body density of species
o normalized as [ dz p? (z) = 1, V"(z) = Nsg,, 07 (2) the
induced one-body potential, V¥ (z) = V, (z) + Vi"(z) the ef-
fective one-body potential and & # o.

To systematically distinguish between different phases, we
define the following two functions, applicable also in the more
general case of a many-body treatment in Sec. IV B:

=0

© max; p{(2)’ ®)
d= V dzzpM (z) —/ dzzpl(z)|, 9

with the one-body density p{ (z) of component o (4). Equa-
tion (8) compares the one-body density pf(z) at the trap
center with its maximum value, while Eq. (9) checks for parity
asymmetry, as we will argue below. The above equations
are motivated from the literature on binary mixtures and
we provide a brief summary on the discovered ground-state
phases and some of their properties, which will be relevant in
the following discussions.

For weak couplings there is a miscible phase M with a high
spatial overlap of the one-body densities p{ (z). As a result,
both components exhibit a Gaussian profile (A, = 1) and
occupy the center of their trap (d = 0). The state is disentan-
gled and both species are condensed. For negative couplings,
i.e., attractive interactions, the phase remains miscible and
the widths of the Gaussian densities shrink with decreasing
coupling strength. For stronger positive couplings, three dif-
ferent phase separation scenarios are possible. In case the
majority species occupies the trap center (Ay = 1), pushing
the impurities outside in a way that the impurity density forms
a shell around the majority density with two parity-symmetric
humps (A; < 1 and d = 0), we have a core-shell /M1 phase.
When the impurities remain at the trap center instead (A; =
1) with the majority species forming a shell (Ay < 1 and
d = 0), we have a core-shell MIM phase. Finally, when both
species develop two parity-symmetric humps with a local
minimum at the trap center (A, < 1 and d = 0), we have a
composite fermionization phase CF. On the level of one-body
densities CF appears to be miscible owing to the high spatial
overlap between the components. However, the deviations to
the miscible phase become evident upon investigating the

two-body density matrices (5) and (6). Namely, two particles
of the same component can be found either on the left or the
right side with respect to trap center, while two particles of
different components are always on opposite sides.

While the core-shell phases IMI and MIM do not rely
on entanglement between the components, CF is always an
entangled many-body state made out of two major species
orbitals S =2 and two major SPFs s, =2 on the particle
layer. Thus, CF cannot be obtained within the mean-field ap-
proximation. In fact, we observe that once the entanglement of
the true many-body state, characterized by the von Neumann
entropy (see Sec. IV B), reaches a certain threshold, a collapse
to a phase with broken parity symmetry (d > 0) will take
place in the mean-field picture. We abbreviate this phase with
SB from now on.

The origin of SB is the onset of a quasidegeneracy between
the ground state and the first excited state of the many-body
spectrum, which becomes an exact degeneracy in the limit
of g,, = 00. Once this limit is reached, any superposition
of those two states is also an eigenstate of (1). Since they
are of different parity symmetry P and [H,P] =0, it is
possible to choose the superposition to be parity symmetric
or to break the parity symmetry of (1). It was suggested
[73] that the corresponding many-body wave function may be
written in terms of number states as |W) = ¢; [Ny)z [Oy)g ®
[0r) 1, IND g + 210} INM)g ® INI) . [01) Wwith two parity-
broken SPFs ¢7(z) featuring an asymmetric Gaussian shape
with a maximum on the j = L (left) or j = R (right) side
with respect to the trap center. Within the mean-field approx-
imation, the eigenenergy of the first excited state coincides
with the ground-state energy already for a finite coupling
8,,- Since mean field does not incorporate entanglement, the
state collapses either to [Ny); ® |[Nj)g or to |Ny)r ® |Np);,
resulting in a phase with broken parity symmetry.

With this we end our overview over different phases and
showcase a compact summary of the phases:

M d=0AA,=1AA =1,
IMI  :d=0AA,=1AA <1,
MIM :d=0AA,<1AA =1, (10)
CF d=0AA, <1 AA <1,
SB d>0AA, <1 AA <1

In Fig. 1 we depict the ground-state phases within the
mean-field approximation for Ny =5 with (a) N; =1 and
(b) N; =2 impurities as a function of the intercomponent
coupling strength g,,, and the impurity localization a;/ay. As
expected, CF is not among the phases in Fig. 1. The transition
region on the a;/ay axis, where core shell MIM is replaced
by core shell /M1, can be tuned by variation of the particle-
number ratio such that for N; = Ny, it lies at a;/ay = 1 (not
shown), while for increasing particle imbalance N; /Ny < 1 it
is shifted toward a lower a;/ay, ratio. This is also the point
where the coupling strength g,,, required for the realization
of the SB phase, is the smallest. We will see later in Sec. [V B
that the species entropy has here its global maximum. Note
that each phase diagram features critical points, where three
different phases can coexist (green circles).

Now that we have identified the phases, we are going to
shed some light on the mechanism behind the phase separation
taking place for different specific coupling strength g,, for
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FIG. 1. Mean-field ground-state phase diagram for Ny = 5 majority particles and (a) N; = 1 or (b) N; = 2 impurities as a function of
the intercomponent coupling strength g,,, and impurity localization a;/ay = +/1/5 with n = w;/wy being the trap frequency ratio and a, =
/hi/mw, the harmonic oscillator length of species o. The nomenclature of phases is as follows: M for miscible, MIM for core shell with
impurity at the core, /M1 for core shell with majority at the core, CF for composite fermionization, and SB for a phase with broken parity
symmetry. The blue solid curve represents the miscible-immiscible phase boundary according to (19). The blue dotted line is an estimate for
the SB phase boundary according to (21). Green circles indicate tricritical points. The coarse structure is due to the finite step size of our data

with respect to a; /ay,.

a fixed trap ratio n. In particular, we will provide a simple
formula, which determines which of the core-shell structures
is energetically more favorable. Additionally, we provide an
estimate on the miscible-immiscible transition region and on
the SB phase boundary.
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Let us make two horizontal cuts across the phase diagram
of Fig. 1(b) at a;/ay, = 0.5 and at a;/ay = 1.1. In Fig. 2 we
take a closer look at the variation of the one-body densities
pg. being part the effective one-body potential Vet (7) when
increasing the coupling strength g,,. First, let us focus on
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FIG. 2. Ground-state densities p;‘/m (z) inside the induced one-body potential V;ff(z) from (7) for Ny, =5, N; = 2 and either a;/ay =
0.5 (columns 1 and 2 for majority and impurity species, respectively) or a;/ay = 1.1 (columns 3 and 4 for majority and impurity species,
respectively). Rows from top to bottom correspond to a variation of the intercomponent coupling g, € {0.05,0.2, 0.4, 0.6}. Horizontal lines

depict eigenenergies of (7).

023305-5



108 SCIENTIFIC CONTRIBUTIONS

MAXIM PYZH AND PETER SCHMELCHER

PHYSICAL REVIEW A 102, 023305 (2020)

columns 1 and 2, corresponding to a;/ay = 0.5. For very
weak coupling (first row), every atom to a good approximation
populates the energetically lowest harmonic oscillator orbital
of the respective potential V,. The induced potential V"
gains an amplitude linearly with g,, and with the density
profiles being Gaussians of different widths we observe the
appearance of a small barrier in VST at g, = 0.2 [Fig. 2(a2)].
This barrier grows with g,, and at g,, = 0.4 [Fig. 2(a3)]
it becomes comparable to the ground-state energy of the
effective potential, while the one-body density pﬁ”F turns flat at
the trap origin. Once the ground-state energy drops below the
barrier height, two density humps appear and core shell MIM
is established [Fig. 2(a4)]. Meanwhile, the effective potential
of the impurity V£ does not show significant deviations from
the harmonic case (second column). Especially, the induced
part V", being initially also a Gaussian, is not capable to
produce a barrier at the trap center. Similar statements can be
made for columns 3 and 4, corresponding to a;/ay = 1.1. The
only difference is that VT develops a barrier instead, whereas
fof shows only a slight variation, which finally leads to the
core-shell /M1 phase.

Motivated by the above observation, we define an alterna-
tive phase classification from an energetical point of view:

M (EMT—VET(0) > 0,

IMI :EMF—VET(0) >0 A EMF —VET(0) <0,
MIM  EMF—Vi(0) <0 A EMF—VET(0) >0,
SB :d>0,

1)
where EM" is the ground-state energy of (7). As long as
the ground-state energy of the effective species Hamiltonian
exceeds the effective potential height at the trap center, the
species remains at the trap center. Phase diagrams produced
this way match exactly the ones shown in Fig. 1.

The interpretation is now as follows. For a very weak cou-
pling, both the majority and the impurity reside in the ground
state of the harmonic oscillator. Once the induced potential
Vind of species o becomes large enough to produce a barrier
in VS, the corresponding density po. Will start to expand.
By growing in width it will prevent the other component &
from developing a barrier of its own. When the height of the
potential barrier becomes of the same magnitude as the lowest
energy of the corresponding effective potential, the species o
splits into two fragments. Then, it starts squeezing the other
component & by increasing the effective trap frequency of the
renormalized harmonic oscillator V.

The barrier in Vaelcf appears once the following condition is
fulfilled:

d eff
A3 #£0: VS| =0, (12)
0

|

7 eff 1 82
a1/aM <«/N]/NM ZHM :—5@

7 eff 19
a1/aM > «/N]/NM ZHI = _587)12

Assuming one-body densities to be unperturbed harmonic
oscillator ground states, we obtain the following effective

potentials:
eff 1 2 n 77]2
Vu @~ 2"+ 8, N,/ —e ™, 13)
2 b4
eff 1,5 1 -2
Vit(@) = Fe + 8 Nu - 14
and the corresponding barrier conditions
N
2N 0P = < S >
NEZ
m:g{‘l1<gm. (16)

For given particle numbers Ny, N; and trap ratio n either
condition (15) or condition (16) will be fulfilled first upon
increasing the coupling g,,, and thus either the majority or the
impurity will form a shell. We remark that the above criterion
for barrier formation is inversely proportional to the particle
number of the other component, while the dependence on
the trap ratio n for the majority differs substantially from the
one for the impurity. Furthermore, for a fixed particle-number
ratio there is a critical trap ratio 7., for which (15) and (16)
can be fulfilled simultaneously:

V1/ne =/Ni/Ny.

Around this critical region we expect that none of the compo-
nents will occupy the trap center. We summarize our findings
in a simple formula, which determines the type of phase
separation at the miscible-immiscible phase boundary:

a7

core shell MIM  : 5 > 1.,
core shell IM1 N KL Ne, (18)
CF or SB N,

For particle-number ratios discussed in this section, the criti-
cal region lies at a;/ay ~ 0.8 [Fig. 1(a)] and at a;/ay ~ 0.9
[Fig. 1(b)].

Next, we want to find an estimate for the miscible-
immiscible phase boundary g . To this end, we combine the
energetical separation criterion in Eq. (11) with approximate
effective potentials from (13) and (14). Specifically, for a
given particle number ratio N; /Ny, we determine the critical
trap ratio 7.. Then depending on the choice of 1 we solve
numerically for the ground-state energy of a single particle
inside the effective potential (13) or (14). Finally, we compare
this energy to the potential height at the trap center:

ff
Ve (x) Fou > gM’NI\/g = M,
M e < gM,N,\@ = MIM,
(19)
ff 1
O Lo WUNCE S
1
E < gM,NB\E = IMI.
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FIG. 3. ML-X ground-state phase diagram for Ny = 5 majority particles and (a) N; = 1 or (b) N; = 2 impurities as a function of the
intercomponent coupling strength g, and impurity localization a;/ay = +/1/5 with n = @;/wy being the trap frequency ratio and a, =
Vh/mw, the harmonic oscillator length of species . The nomenclature of phases is as follows: M for miscible, MIM for core shell with
impurity at the core, /M1 for core shell with majority at the core, CF for composite fermionization, and SB for a phase with broken parity
symmetry. The green solid curve represents the miscible-immiscible phase boundary based on the mean-field treatment. The coarse structure

is due to the finite step size of our data with respect to a;/ay.

The results are plotted as blue solid curves in Fig. 1. We
recognize that it performs quite well except for n & n., where
it underestimates g7 .
We can also get a rough estimate on the SB phase boundary
B by using the following Gaussian ansatz:

o= \%E . 20)
v

with the width B, and the displacement z, of component
o being variational parameters. We evaluate the expectation
value of (1) and minimize the energy with respect to the above
variation parameters. By looking further at the special case
when the relative position |z); — z;| becomes zero, one arrives
after some algebraic transformations at

ﬁ 14 3

= T ATy
with particle-number ratio y = N;/N,;. We remark that this
equation reduces to Eq. (8) from [60] for n = 1. Although
this equation describes well the qualitative behavior of the
SB phase boundary, quantitatively it scales badly when the
trap ratio n deviates from 7. (blue dotted line in Fig. 1).
There are two possible reasons for this. First, our ansatz
incorporates only M and SB phases, while ignoring the core-
shell phases. Thus, as one draws away from 7, the core-shell
parameter region, which lies in-between M and SB, grows
in size, making the estimate inefficient. The other reason is
that the mean-field solution ¢?  of the SB phase is rather an
asymmetric Gaussian.

Finally, we discuss the limiting cases. When 1 — oo
(a;/ay — 0) the impurity becomes highly localized at z = 0.
It will not be affected by the majority atoms. Meanwhile, the
majority species will be subject to an additional delta poten-
tial at z = 0 with potential strength g, N;. This analytically
solvable one-body problem results in a Weber differential

equation. Upon increasing the delta-potential prefactor g,,, N,
the initially unperturbed Gaussian solution develops a cusp
at the trap center, whose depth tends to zero as the prefactor
goes to infinity. When n — 0 (a;/ay — 00), we can change
our perspective by rescaling the Hamiltonian in impurity
harmonic units and argue in a similar way as above.

In the following section, we compare to the results obtained
for the corresponding correlated many-body approach of
ML-X.

B. ML-X: Modifications of the phase diagram due
to correlations and entanglement

For the total wave function in Eq. (2) we use S = 8 species
orbitals and s, = 8 SPFs for each component. We perform
again an imaginary-time propagation of an initially chosen
wave function and obtain the ground state of (1). In Fig. 3 we
show the resulting ground-state phases based on the selection
rules (10) for Ng = 5 and (a) N; = 1 or (b) N; = 2. We remark
that the alternative selection scheme defined in Eq. (11) does
not apply here, and below we provide an explanation why it
fails. The first eye-catching feature is that the SB phase has
completely disappeared, as expected, since it is an artifact
of the mean-field treatment. Additionally, we observe the
presence of composite fermionization CF for the case of two
impurities in Fig. 3(b). Overall, the transition between the
miscible phase and separated phases takes places at a different
coupling strength g¢ for a fixed trap ratio 7.

In order to better understand why the phase diagram is
altered this way, we investigate in Figs. 4 and 5 the von
Neumann entropy S,n on the species layer as well as the von
Neumann entropy of the majority species $*, and the impurity
species S’y. S,y characterizes the degree of entanglement
between the components (entanglement entropy) while S9y
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FIG. 4. Ground-state (species) entanglement entropy S,y
(a) from Eq. (22) and the fragmentation entropy SUMN from Eq. (23)
for the majority (b) for Ny =5 majority particles and N; = 1
as a function of the intercomponent coupling strength g, and
impurity localization a;/ay = /T1/5 with n = w; /wy being the trap
frequency ratio and a, = +//i/mw, the harmonic oscillator length of
species 0.

reflects the degree of species fragmentation (fragmentation
entropy). The definitions are as follows:

N
Suv = =) hilndi, (22)

So i=1 So
Sy ==Y _mInm] withp{ = " m [mf)(m?|. (23)
i=1 i=1

where A; are expansion coefficients from (2) and m{ natural
populations satisfying Y ;7 m? = 1 and |m?) natural orbitals
of the spectrally decomposed one-body density operator pf
of species o. The entanglement entropy is bounded by the
equal distribution of orbitals S,y < In(S), whereas for two
dominantly occupied orbitals we expect S,y < In(2) = 0.7.
If S,y = 0, then there is no entanglement between the species
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FIG. 5. Ground-state (species) entanglement entropy S,y from
Eq. (22) (a) and the fragmentation entropy S7, from Eq. (23) for the
majority (b) and impurity (c) for Ny = 5 majority particles and N; =
2 impurities as a function of the intercomponent coupling strength
g,,, and impurity localization a;/ay = +/1/7 with n = w;/wy being
the trap frequency ratio and a, = +/fi/mw, the harmonic oscillator
length of species o.
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FIG. 6. Projection amplitudes of the many-body ground state on number states | (7| ® (ii’| |¥) | for Ny = 5 majority particles and N; = 1
(first column) or N; = 2 (second column) impurities as a function of the intercomponent coupling strength g, and impurity localization
ar/ay = «/1/n with n = w;/wy being trap frequency ratio and a, = /7i/mw, the harmonic oscillator length of species o. The SPFs
constituting the permanents are eigenfunctions of the effective Hamiltonian (24). The first row corresponds to the projection on the condensed
number state |Ng) |N;), while in the second row one sums over contributions from two-particle excitations |Np — 2, 2) |N;), |Ng) |N; — 2, 2),

and [Nz — 1, 1) |N; — 1, 1).

and the wave function is a simple product state on the species
layer. Similarly, fragmentation entropy S7, = 0 means that
all particles occupy the same SPF and the species is thus
condensed. For parameter values where this is fulfilled, a
mean-field treatment is well justified. However, in Figs. 4 and
5 we recognize that for stronger couplings g,,, this is not the
case. Particularly, in the vicinity of the critical region a; /ay ~
/Ni /Ny at positive g,,, identified in the previous section as
highly competitive, the entanglement entropy S,y is very pro-
nounced [Figs. 4(a) and 5(a)] . The fragmentation entropy of
the majority species Sﬁ’,’v is comparatively weaker and slightly
shifted toward a smaller length scale ratio a;/ay, at positive
g,, IFigs. 4(b) and 5(b)]. The fragmentation entropy of the
impurity species SﬂN for Ny = 1 (not shown) coincides with
the entanglement entropy S,y [Fig. 4(a)], while for N; =2
there are substantial differences [see Fig. 5(c)]. Namely, the
impurity shows a higher degree of fragmentation when it is

less confined compared to the majority species and vice versa.
In contrast to positive couplings g,,, for negative couplings
the entanglement and species fragmentation build up with a
much slower rate. Finally, we emphasize that phase separa-
tions like core shell MIM or IM1 are not necessarily related to
a high degree of entanglement or species depletion, whereas
CF is located in the parameter region, where S,y takes the
highest values. Another striking observation is that the onset
of the SB phase from Fig. 1 is related to the entanglement
entropy reaching some threshold value around S,y ~ 0.5 at
positive couplings g,,, [compare to Figs. 4(a) and 5(a)].

Now that we have identified the parameter space where
deviations from mean field are to be expected, we want to gain
a deeper insight into how the effective picture is affected as a
result of increasing correlations. For this purpose we define
an effective single-body Hamiltonian of species o similar to
the one in Eq. (7), except that we use the exact many-body
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FIG. 7. ML-X ground-state densities p{ (z) inside effective one-
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body potentials VT(z) from (24) for Ny =5, Ny =2, g, = 2, and

ay/ay = 0.8 (first row) or a; /ay = 0.9 (second row). Horizontal lines are eigenenergies of (24).

densities pf instead of the mean-field densities p :
N,

H™ = Hy + Nsg,, > _ pf(z) with

(

Next, we diagonalize (24) and use the obtained eigenfunctions
@? as SPFs for number states |#") ® |ii') on which we
project our many-body ground state |¥). The reader should
distinguish the latter SPFs @ from the numerical SPFs ¢}
obtained by improved relaxation which define the permanents
contained in our ML-X total wave function. Thus, we decom-
pose our ground state in terms of disentangled product states
made out of single permanents. We anticipate that |Ny) |N;)
represents dominant contribution to |W), which should be the
case whenever a mean-field approach is valid. From the previ-
ous analysis we observed that the entanglement entropy values
were mostly S7, < 0.7, which suggests two relevant SPFs.
Indeed, our many-body state consists of two major orbitals
and two major SPFs. Furthermore, taking parity symmetry
into account and considering at most two-particle excita-
tions, we conclude that number states [Ny, — 1, 1) |[N; — 1, 1),
[Ny — 2,2) |Np), and |Ny) [Ny — 2,2) may become of rel-
evance too at stronger couplings. We remark that the
one-body density operator of number state [N, — n3, nJ) with
nJ particles in the odd orbital @§ will be a mixed state of
one even and one odd orbital, eventually featuring two humps
in the corresponding one-body density. Thus, depending on
the occupation amplitude of such states, they may either
accelerate or slow down the development of humps in p{ (z),
thereby quantitatively shifting the critical coupling g° , at
which the mixed phase transforms into one of the species-
separated phases.

In Fig. 6 we show the projection on number state |Ny,) |Ny)
(first row) and a sum over projections on the above-mentioned

No

6;&0:2

i=1

2

552 +Ve" (z,-)> : 4)

permanents (second row) for Ng =5 and N; = 1 (first col-
umn) or N; = 2 (second column). For negative couplings the
state |Nys) |N;) provides a major contribution and the effec-
tive picture holds. Let us focus in the following on positive
couplings. In Fig. 6(a) (N; = 1), we observe that the state
|Nay) [N7) has indeed a major contribution at coupling strength
below 1.0. Once interspecies correlations build up with in-
creasing coupling strength, the state [Ny — 1, 1) [N; — 1, 1)
grows in importance, which corresponds to a simultaneous
single-particle excitation within each component. This is
mostly pronounced around 7.. Double excitations within the
majority species [Ny — 2, 2) |N;) are of minor amplitude and
rather of relevance for a localized impurity a;/ay < 1. All in
all, the low-lying excitations of the effective potentials (24)
provide a good description [Fig. 6(b)]. In Fig. 6(c) (N; = 2),
we observe that the state |Ny) |N;) loses its contribution very
quickly as one goes deeper into the regime of strong entan-
glement. Although we are able to get a better understanding
for weak entanglement by including two-particle excitations
mentioned above, our effective picture clearly does not hold
in the parameter region characterized by strong entanglement.
There, we may account only for as much as ~50% of the
ground state, even though the one-body density in Eq. (24)
incorporates beyond-mean-field corrections. We remark that
while it is indeed intuitive that the one-body picture will break
at some point as the entanglement becomes stronger, it is not
at all obvious to predict the corresponding threshold (trap ratio
and coupling strength) where it will happen.

Let us take a closer look at this regime, where the single-
particle picture (24) tends to break down. We show in Fig. 7
the one-body densities for Ng = 5 majority particles and Ny =
2 impurities in the strong entanglement region at g,, = 2.
The first row corresponds to the CF phase at a;/ay = 0.8.
Here, we recognize immediately why the effective picture
fails. The origin of the two humps in the one-body density
is counterintuitive considering that they are at the position
of local maxima of the effective potential. One would rather
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FIG. 8. (a) Majority two-body density matrix pé” (x1, x2) from Eq. (5). (b) Impurity two-body density matrix pé(yl,yz) from Eq. (5).
(c) Interspecies two-body density matrix pg’” (x, y) from Eq. (6) of the ground state for Ny =5, N; =2, g,, = 2, and a;/ay = 0.9.

expect a density profile with three peaks at the positions of the
potential minima.

The second row (a;/ay = 0.9) seems at first glance to be
an /M1 phase. The majority is at the core, while the impurity
forms a shell. Upon a more detailed investigation we notice
that the majority species is broader than it should be inside
the squeezed “harmonic” trap. The humps of the impurity
also do not coincide with the positions of the minima of
the respective effective potential. As a matter of fact, this
phase is a latent CF phase, which becomes clear when we an-
alyze the corresponding two-body density matrices in Fig. 8.
The intraspecies two-body density matrices (5) [Figs. 8(a) and
8(b)] indicate that particles of the same component avoid the
trap center and form a cluster either on the right or the left side
with respect to trap center. Moreover, the interspecies density
matrix (6) [Fig. 8(c)] tells us that the two different clusters
of majority and impurity will always be found on opposite
sides of the trap with a rather small spatial overlap between
them. It allows to diminish the impact of the repulsive energy
on the total energy at the cost of paying potential energy.
These are clear signatures of the CF, which are blurred in the
reduced one-body density. We note that the parameter space
where ML-X predicts an /M1 phase, whereas MF produces SB
phase, we have in fact a latent CF, hidden behind a one-body
quantity. Thus, in general, the classification of immiscible
phases by the one-body density is not sufficient to distinguish
CF from IMI or MIM. Nevertherless, sometimes it is still
possible to identify CF by the one-body density, namely,
when it features two reflection-symmetric humps.

Above, we have mentioned that in the literature the
CF phase was suggested to be a superposition of
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two parity-broken mean-field states |W) = ¢ |[Ny)p |Op)p ®
[01) 2 INID g +¢210m) 1 INM)g @ INI)L 101) as a result of the
degeneracy onset. Indeed, ML-X has two prominent orbitals
on the species layer and two major SPFs on the particle
layer. Nevertheless, the other occupied species orbitals and
SPFs provide a minor contribution, as we have evidenced
in Fig. 5, where the entropies take values beyond In(2). To
provide an illustrative example, we displace the trap centers
in Eq. (1) by a small amount to energetically separate the
two symmetry-broken configurations. For parameter values
for which the CF phase is observed, we perform again the
improved relaxation to the find ground state of the system
in order to check whether it is indeed a MF state. It turns
out that the majority species and the impurity species are still
fragmented states though the degree of depletion is much less
compared to the parity-symmetric ground state. The species
entropy S,y is greatly reduced, but still appreciable. The
impact of correlations is also visible in Fig. 9. The ground
state of the effective potential (24) is different from the one-
body density of the many-body ML-X wave function. This
is caused by induced attractive interactions mediated by the
intercomponent coupling, a beyond-mean-field effect [92].

To conclude our discussion about the high-entanglement
regime, we state that the mean-field approach, being an ef-
fective one-body model, fails to explain a one-body quantity
such as reduced one-body density. Nevertheless, it manages to
characterize quite well one of the two possible configurations
of the entangled many-body state. The latter is not just a
simple superposition of two mean-field states describing two
different parity-broken configurations. A thorough analysis
showed that on the many-body level the SB phase is in fact
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FIG. 9. ML-X parity-broken ground-state densities p{ (z) obtained from (1) by slightly displacing centers of harmonic traps in opposite
directions for Ny =5, N; =2, g,, =2, and a;/ay = 0.9. Induced one-body potentials V;ff(z) are calculated from (24) and @ (z) are the

corresponding ground states. Horizontal lines are eigenenergies of (24).
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FIG. 10. Mean-field (first column) and ML-X (second column) ground-state phase diagrams for N; = 1 impurity and N, = 10 (first row),
Ny = 20 (second row), or Ny, = 1000 (third row) as a function of the intercomponent coupling strength g,,, and impurity localization a;/ay =
1/ with n = w;/wy, being the trap frequency ratio and a, = /7i/maw, the harmonic oscillator length of species 0. The nomenclature of the
phases is as follows: M for miscible, MIM for core shell with impurity at the core, /M1 for core shell with majority at the core, CF for composite
fermionization, and SB for a phase with broken parity symmetry. The blue solid curve (first column) represents the miscible-immiscible phase
boundary according to (19). The green solid curve (second column) is the miscible-immiscible phase boundary based on mean field. The coarse
structure is due to the finite step size of our data with respect to a;/ay.
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slightly entangled, while each species is partially fragmented.
We also evidenced that CF completely dominates the highly
correlated regime and made a link of its appearance to the
onset of SB on the mean-field level. Sometimes, CF is even
camouflaged behind core-shell IMI or MIM densities, indi-
cating that the one-body density is not enough to distinguish
between them.

V. PHASE SEPARATION: IMPACT
OF PARTICLE NUMBERS

When increasing the number of majority atoms Ny, while
keeping N; fixed, one might expect two properties based on
an intuition for few-body systems. First, the location of the
strong entanglement regime will be shifted toward lower val-
ues of a; /ay =~ /1/n. = &/N;/Ny. Thus, the IMI phase will
cover the most part of our parameter space for positive g,,, .
Second, at a fixed 7 the critical coupling g¢ for the miscible-
immiscible transition will decrease, because according to (16)
the majority species will be able to induce a barrier for the
impurity species already for a much weaker coupling. The
induced barrier of the majority on the other hand will not be
affected according to (15).

Indeed, this is what we observe in the phase diagrams
depicted in Fig. 10. In the mean field (first column) the
location of the SB phase relocates from +/1/n. & 0.79 [Ny =
5, Fig. 1(a)] to /1/n. = 0.72 [Ny = 10, Fig. 10(a)], then
to /T/n: ~ 0.65 [Ny = 20, Fig. 10(b)] and finally moves
outside our parameter space +/1/n. ~ 0.37 [Ny = 1000,
Fig. 10(c)]. The blue curve, which estimates the miscible-
immiscible transition according to (19) is in good agree-
ment (except for the critical region 7.) with the mean-field
phase boundary. We also recognize that for a fixed trap
ratio n, the critical coupling strength g¢ = decreases with
increasing Ny and at Ny = 1000 a very small g < 0.05
is sufficient to cause phase separation, which is below our
resolution.

We have also performed the corresponding ML-X cal-
culations (second column) with § = s, = 6 (first row), S =
ss = 4 (second row), and S = s, = 2 (third row) orbitals. We
remark that the latter case might not be converged to the exact
solution, which is beyond numerical capabilities to verify.
Still, it provides valuable beyond-mean-field corrections. The
deviations to the mean field, still clearly visible at Ny; = 10,
are most pronounced near 7.. They become less as the particle
imbalance is increased until finally at Ny, = 1000 the phase
diagrams almost coincide except for a small SB region. This
is mainly attributed to the fact that the strong entanglement
regime, where deviations are to be expected, moves outside
our parameter space (ay/ay < 0.5). Furthermore, the devia-
tions may still be there, but on a finer coupling scale g, <
0.05 according to (15) and (16).

VI. CONCLUSIONS

In this work we have investigated the phase separation of
a quasi-1D inhomogeneous Bose-Bose mixture in a three-
dimensional parameter space spanned by the intercomponent

coupling g,,, harmonic length scale ratio a;/ay = /1/n, and
the particle-number ratio N;/Ny, when the intracomponent
couplings g, are switched off. Although we have concentrated
on the case of equal masses, our results may be easily ex-
tended to the more general case of unequal masses. We expect
some quantitative changes, but the qualitative picture and the
line of argumentation will remain unchanged.

The commonly used separation criterion g, > /8,8,
which is valid for homogeneous mixtures, would predict a
miscible-immiscible transition for any finite coupling g,, >
0. However, this separation rule does not apply here since
we have harmonic traps of different length scales. We have
analyzed the mechanism, which leads to phase separation, by
using an effective mean-field picture. Within this description
each species is subject to an additional induced potential
caused by the other component. This potential has initially a
Gaussian shape and grows linearly with the coupling strength
g,,- However, it does not immediately trigger a barrier at
the center of the harmonic trap. In fact, the species, which
first manages to induce a barrier for the other component
upon increasing the coupling g,,, will stay at the center of
its parabolic trap. Meanwhile, the other species will split
up, once the ground-state energy of the effective potential
drops below the barrier height. Thus, we end up with either a
core-shell /M1 or a core-shell MIM phase, except for a highly
competitive region, where the barrier conditions can be met
simultaneously for both components. We have derived a sim-
ple rule to predict the type of phase separation, developed a
straightforward algorithm to identify the miscible-immiscible
phase boundary g¢ ., and gave a rough estimate on the phase
boundary between the segregated phases g35,.

As a next step, we compared mean-field (MF) results to
the numerically exact many-body calculations based on mul-
tilayer multiconfigurational time-dependent Hartree method
for atomic mixtures (ML-X). It turns out that MF agrees
well with ML-X far away from the critical region \/1/1. =
~/Nj /Ny . At n, there are considerable quantitative deviations
and sometimes the two methods do not even agree on the type
of phase separation. This is caused by the growing interpar-
ticle correlations, which generate entanglement between the
components and increase the degree of species fragmentation.
We have seen that symmetry-broken phase (SB) is replaced
by composite fermionization (CF), which is an entangled
parity-symmetric ground state. Furthermore, we have linked
the onset of SB to the fact that the entanglement entropy
reaches a certain threshold and saw a clear breakdown of
the effective single-particle picture in the strong entanglement
region in terms of a corresponding number state analysis. This
led to the discovery of a latent CF phase in the /M1 region.
The latent CF phase has the characteristic one-body density
of the IMI phase, but a thorough analysis of the two-body
densities reveals typical CF features. We have argued that at
a finite coupling g, the CF is not a simple superposition of
two SB states given by mean field.

We have studied the impact of particle-number variations,
which confirmed our intuition that 1. and thus the location
of the strong entanglement regime can be manipulated as
a function of the particle-number ratio. Furthermore, for a
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fixed particle-number ratio the critical coupling g¢ ~of the
miscible-immiscible transition can be tuned to lower values by
increasing the number of particles while keeping the particle-
number ratio fixed.

Finally, we remark that an intriguing next step would
be to perform a similar study of phase separation at finite
intracomponent coupling g, . The broadening or shrinking of
the density profiles, depending on the sign and strength of g,
will definitely modify the barrier conditions (15) and (16).

Another interesting but challenging direction would be the
nonequilibrium dynamics by quenching the trap ratio across
the phase boundaries.

ACKNOWLEDGMENTS

M.P. acknowledges fruitful discussions with K. Keiler and
M. Roentgen. M.P. gratefully acknowledges a scholarship of
the Studienstiftung des deutschen Volkes.

[1] R. Grimm, M. Weidemiiller, and Y. B. Ovchinnikov, Adv. At.
Mol. Opt. Phys. 42, 95 (2000).

[2] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys. 80, 885
(2008).

[3] M. A. Cazalilla, R. Citro, T. Giamarchi, E. Orignac, and M.
Rigol, Rev. Mod. Phys. 83, 1405 (2011).

[4] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Rev. Mod.
Phys. 82, 1225 (2010).

[5] M. Olshanii, Phys. Rev. Lett. 81, 938 (1998).

[6] D. S. Petrov, M. Holzmann, and G. V. Shlyapnikov, Phys. Rev.
Lett. 84, 2551 (2000).

[7] T. Bergeman, M. G. Moore, and M. Olshanii, Phys. Rev. Lett.
91, 163201 (2003).

[8] E. Haller, M. J. Mark, R. Hart, J. G. Danzl, L. Reichsollner,
V. Melezhik, P. Schmelcher, and H.-C. Négerl, Phys. Rev. Lett.
104, 153203 (2010).

[9] D. Blume, Rep.
7 (2012).

[10] T. Sowifiski and M. A. Garcia-March, Rep. Prog. Phys. 82,
104401 (2019).

[11] C. J. Myatt, E. A. Burt, R. W. Ghrist, E. A. Cornell, and C. E.
Wieman, Phys. Rev. Lett. 78, 586 (1997).

[12] D. S. Hall, M. R. Matthews, J. R. Ensher, C. E. Wieman, and
E. A. Cornell, Phys. Rev. Lett. 81, 1539 (1998).

[13] H.-J. Miesner, D. M. Stamper-Kurn, J. Stenger, S. Inouye, A. P.
Chikkatur, and W. Ketterle, Phys. Rev. Lett. 82, 2228 (1999).

[14] P. Maddaloni, M. Modugno, C. Fort, F. Minardi, and M.
Inguscio, Phys. Rev. Lett. 85, 2413 (2000).

[15] G. Delannoy, S. G. Murdoch, V. Boyer, V. Josse, P. Bouyer, and
A. Aspect, Phys. Rev. A 63, 051602(R) (2001).

[16] K. M. Mertes, J. W. Merrill, R. Carretero-Gonzalez, D. J.
Frantzeskakis, P. G. Kevrekidis, and D. S. Hall, Phys. Rev. Lett.
99, 190402 (2007).

[17] S. Tojo, Y. Taguchi, Y. Masuyama, T. Hayashi, H. Saito, and T.
Hirano, Phys. Rev. A 82, 033609 (2010).

[18] C. Becker, S. Stellmer, P. Soltan-Panahi, S. Dorscher, M.
Baumert, E.-M. Richter, J. Kronjiger, K. Bongs, and K.
Sengstock, Nat. Phys. 4, 496 (2008).

[19] C. Hamner, J. J. Chang, P. Engels, and M. A. Hoefer, Phys. Rev.
Lett. 106, 065302 (2011).

[20] E. Nicklas, M. Karl, M. Hofer, A. Johnson, W. Muessel, H.
Strobel, J. Tomkovi¢, T. Gasenzer, and M. K. Oberthaler, Phys.
Rev. Lett. 115, 245301 (2015).

[21] Y. Eto, M. Takahashi, K. Nabeta, R. Okada, M. Kunimi H.
Saito, and T. Hirano, Phys. Rev. A 93, 033615 (2016).

[22] Y. Eto, M. Takahashi, M. Kunimi, H. Saito, and T. Hirano,
New J. Phys. 18, 073029 (2016).

Prog. Phys. 75, 046401

[23] C. Cabrera, L. Tanzi, J. Sanz, B. Naylor, P. Thomas, P. Cheiney,
and L. Tarruell, Science 359, 301 (2018).

[24] G. Semeghini, G. Ferioli, L. Masi, C. Mazzinghi, L. Wolswijk,
F. Minardi, M. Modugno, G. Modugno, M. Inguscio, and
M. Fattori, Phys. Rev. Lett. 120, 235301 (2018).

[25] G. Modugno, M. Modugno, F. Riboli, G. Roati, and M.
Inguscio, Phys. Rev. Lett. 89, 190404 (2002).

[26] M. Mudrich, S. Kraft, K. Singer, R. Grimm, A. Mosk, and M.
Weidemiiller, Phys. Rev. Lett. 88, 253001 (2002).

[27] G. Thalhammer, G. Barontini, L. De Sarlo, J. Catani, F
Minardi, and M. Inguscio, Phys. Rev. Lett. 100, 210402 (2008).

[28] K.-K. Ni, S. Ospelkaus, M. De Miranda, A. Pe’Er, B.
Neyenhuis, J. Zirbel, S. Kotochigova, P. Julienne, D. Jin, and
J. Ye, Science 322, 231 (2008).

[29] D. J. McCarron, H. W. Cho, D. L. Jenkin, M. P. Képpinger, and
S. L. Cornish, Phys. Rev. A 84, 011603(R) (2011).

[30] A. D. Lercher, T. Takekoshi, M. Debatin, B. Schuster, R.
Rameshan, F. Ferlaino, R. Grimm, and H. C. Nigerl, Eur. Phys.
J.D 65,3 (2011).

[31] B. Pasquiou, A. Bayerle, S. M. Tzanova, S. Stellmer, J.
Szczepkowski, M. Parigger, R. Grimm, and F. Schreck,
Phys. Rev. A 88, 023601 (2013).

[32] T. Takekoshi, L. Reichsollner, A. Schindewolf, J. M. Hutson,
C. R. Le Sueur, O. Dulieu, E. Ferlaino, R. Grimm, and H.-C.
Nagerl, Phys. Rev. Lett. 113, 205301 (2014).

[33] P. K. Molony, P. D. Gregory, Z. Ji, B. Lu, M. P. Koppinger,
C.R. Le Sueur, C. L. Blackley, J. M. Hutson, and S. L. Cornish,
Phys. Rev. Lett. 113, 255301 (2014).

[34] L. Wacker, N. B. Jgrgensen, D. Birkmose, R. Horchani, W.
Ertmer, C. Klempt, N. Winter, J. Sherson, and J. J. Arlt, Phys.
Rev. A 92, 053602 (2015).

[35] X.Li, B. Zhu, X. He, F. Wang, M. Guo, Z.-F. Xu, S. Zhang, and
D. Wang, Phys. Rev. Lett. 114, 255301 (2015).

[36] K. L. Lee, N. B. Jgrgensen, L. J. Wacker, M. G. Skou, K. T.
Skalmstang, J. J. Arlt, and N. P. Proukakis, New J. Phys. 20,
053004 (2018).

[37] F. Wang, X. Li, D. Xiong, and D. Wang, J. Phys. B. At. Mol.
Phys. 49, 015302 (2015).

[38] G. Barontini, C. Weber, E. Rabatti, J. Catani, G. Thalhammer,
M. Inguscio, and F. Minardi, Phys. Rev. Lett. 103, 043201
(2009).

[39] S. B. Papp, J. M. Pino, and C. E. Wieman, Phys. Rev. Lett. 101,
040402 (2008).

[40] S. Sugawa, R. Yamazaki, S. Taie, and Y. Takahashi, Phys. Rev.
A 84,011610(R) (2011).

[41] K. Kasamatsu and M. Tsubota, Phys. Rev. Lett. 93, 100402
(2004).

023305-14



8.0 PHASE SEPARATION OF A BOSE-BOSE MIXTURE 117

PHASE SEPARATION OF A BOSE-BOSE MIXTURE: ...

PHYSICAL REVIEW A 102, 023305 (2020)

[42] S. Ronen, J. L. Bohn, L. E. Halmo, and M. Edwards, Phys. Rev.
A 78, 053613 (2008).

[43] H. Takeuchi, S. Ishino, and M. Tsubota, Phys. Rev. Lett. 105,
205301 (2010).

[44] J. Hofmann, S. S. Natu, and S. Das Sarma, Phys. Rev. Lett. 113,
095702 (2014).

[45] K. Kasamatsu, M. Tsubota, and M. Ueda, Phys. Rev. Lett. 91,
150406 (2003).

[46] P. Mason and A. Aftalion, Phys. Rev. A 84, 033611
(2011).

[47] T.-L. Ho and V. B. Shenoy, Phys. Rev. Lett. 77, 3276
(1996).

[48] H. Pu and N. P. Bigelow, Phys. Rev. Lett. 80, 1130
(1998).

[49] A. A. Svidzinsky and S. T. Chui, Phys. Rev. A 67, 053608
(2003).

[50] P. Ohberg, Phys. Rev. A 59, 634 (1999).

[51] M. Trippenbach, K. Goéral, K. Rzazewski, B. Malomed, and
Y. Band, J. Phys. B. At. Mol. Phys. 33, 4017
(2000).

[52] A. Alexandrov and V. V. Kabanov, J. Phys.: Condens. Matter
14, 1.327 (2002).

[53] E. Timmermans,
(1998).

[54] P. Ao and S. T. Chui, Phys. Rev. A 58, 4836 (1998).

[55] B. D. Esry, C. H. Greene, J. P. Burke, Jr.,, and J. L. Bohn,
Phys. Rev. Lett. 78, 3594 (1997).

[56] R. Navarro, R. Carretero-Gonzalez, and P. G. Kevrekidis,
Phys. Rev. A 80, 023613 (2009).

[57] L. Wen, W. M. Liu, Y. Cai, J. M. Zhang, and J. Hu, Phys. Rev.
A 85, 043602 (2012).

[58] K. L. Lee, N. B. Jgrgensen, 1.-K. Liu, L. Wacker, J. J. Arlt, and
N. P. Proukakis, Phys. Rev. A 94, 013602 (2016).

[59] V. Cikojevi¢, L. V. Marki¢, and J. Boronat, New J. Phys. 20,
085002 (2018).

[60] L. Wen, H. Guo, Y.-J. Wang, A.-Y. Hu, H. Saito, C.-Q. Dai, and
X.-F. Zhang, Phys. Rev. A 101, 033610 (2020).

[61] B. Parajuli, D. Pecak, and C.-C. Chien, Phys. Rev. A 100,
063623 (2019).

[62] F. Lingua, A. Richaud, and V. Penna, Entropy 20, 84 (2018).

[63] G. M. Koutentakis, S. I. Mistakidis, and P. Schmelcher, New J.
Phys. 22, 063058 (2020).

[64] J. Erdmann, S. I. Mistakidis, and P. Schmelcher, Phys. Rev. A
99, 013605 (2019).

[65] V. Penna and A. Richaud, Sci. Rep. 8,
(2018).

[66] A. Richaud, A. Zenesini, and V. Penna, Sci. Rep. 9, 6908
(2019).

[67] K. Keiler and P. Schmelcher, New J. Phys. 20, 103042
(2018).

Phys. Rev. Lett. 81, 5718

10242

[68] K. Keiler, S. I. Mistakidis, and P. Schmelcher, New J. Phys.
(2020).

[69] S. Mistakidis, G. Katsimiga, P. Kevrekidis, and P. Schmelcher,
New J. Phys. 20, 043052 (2018).

[70] S.I. Mistakidis, L. Hilbig, and P. Schmelcher, Phys. Rev. A 100,
023620 (2019).

[71] S. I Mistakidis, G. C. Katsimiga, G. M. Koutentakis, T. Busch,
and P. Schmelcher, Phys. Rev. Lett. 122, 183001 (2019).

[72] S. Mistakidis, G. Koutentakis, G. Katsimiga, T. Busch, and
P. Schmelcher, New J. Phys. 22, 043007 (2020).

[73] S. Zbdllner, H.-D. Meyer, and P. Schmelcher, Phys. Rev. A 78,
013629 (2008).

[74] Y. J. Hao and S. Chen, Eur. Phys. J. D 51, 261 (2009).

[75] M. A. Garcia-March, B. Julia-Diaz, G. Astrakharchik, T. Busch,
J. Boronat, and A. Polls, New J. Phys. 16, 103004 (2014).

[76] A. Dehkharghani, A. Volosniev, J. Lindgren, J. Rotureau, C.
Forssén, D. Fedorov, A. Jensen, and N. Zinner, Sci. Rep. 5,
10675 (2015).

[77] M. Pyzh, S. Kronke, C. Weitenberg, and P. Schmelcher, New J.
Phys. 20, 015006 (2018).

[78] F. Deuretzbacher, D. Becker, J. Bjerlin, S. M. Reimann, and L.
Santos, Phys. Rev. A 90, 013611 (2014).

[79] A.G. Volosniev, D. Petrosyan, M. Valiente, D. V. Fedorov, A. S.
Jensen, and N. T. Zinner, Phys. Rev. A 91, 023620 (2015).

[80] L. Yang and X. Cui, Phys. Rev. A 93, 013617
(2016).

[81] L. Cao, S. Kronke, O. Vendrell, and P. Schmelcher, J. Chem.
Phys. 139, 134103 (2013).

[82] S. Kronke, L. Cao, O. Vendrell, and P. Schmelcher, New J. Phys.
15, 063018 (2013).

[83] L. Cao, V. Bolsinger, S. Mistakidis, G. Koutentakis, S. Kronke,
J. Schurer, and P. Schmelcher, J. Chem. Phys. 147, 044106
(2017).

[84] L. J. LeBlanc and J. H. Thywissen, Phys. Rev. A 75, 053612
(2007).

[85] A. Rubio-Abadal, J.-Y. Choi, J. Zeiher, S. Hollerith, J. Rui, I.
Bloch, and C. Gross, Phys. Rev. X 9, 041014 (2019).

[86] F. Serwane, G. Ziirn, T. Lompe, T. Ottenstein, A. Wenz, and S.
Jochim, Science 332, 336 (2011).

[87] R. Islam, R. Ma, P. M. Preiss, M. E. Tai, A. Lukin, M. Rispoli,
and M. Greiner, Nature (London) 528, 77 (2015).

[88] M. Pyzh, S. Kronke, C. Weitenberg, and P. Schmelcher, New J.
Phys. 21, 053013 (2019).

[89] M. H. Beck, A. Jickle, G. A. Worth, and H.-D. Meyer, Phys.
Rep. 324, 1 (2000).

[90] J. Light, I. Hamilton, and J. Lill, J. Chem. Phys. 82, 1400
(1985).

[91] A. Raab, Chem. Phys. Lett. 319, 674 (2000).

[92] J. Chen, J. M. Schurer, and P. Schmelcher, Phys. Rev. Lett. 121,
043401 (2018).

023305-15






8.0 ENTANGLING LATTICE-TRAPPED BOSONS WITH A FREE IMPURITY

z entropy

119

Article

Entangling Lattice-Trapped Bosons with a Free Impurity:
Impact on Stationary and Dynamical Properties

Maxim Pyzh 1, Kevin Keiler 1, Simeon I. Mistakidis 1

check for

updates
Citation: Pyzh, M.; Keiler, K.;
Mistakidis, S.I.; Schmelcher, P.
Entangling Lattice-Trapped Bosons
with a Free Impurity: Impact on
Stationary and Dynamical Properties.
Entropy 2021, 23, 290. https://
doi.org/10.3390/€23030290

Academic Editors: Ofir E. Alon and
Axel UJ. Lode

Received: 5 February 2021
Accepted: 23 February 2021
Published: 26 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

& 0

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Peter Schmelcher 1%*

Center for Optical Quantum Technologies, Department of Physics, University of Hamburg,
Luruper Chaussee 149, 22761 Hamburg, Germany; mpyzh@physnet.uni-hamburg.de (M.P.);
kkeiler@physnet.uni-hamburg.de (K.K.); smistaki@physnet.uni-hamburg.de (S.1.M.)

The Hamburg Centre for Ultrafast Imaging, Universitdt Hamburg, Luruper Chaussee 149,
22761 Hamburg, Germany

*  Correspondence: mpyzh@physnet.uni-hamburg.de

Abstract: We address the interplay of few lattice trapped bosons interacting with an impurity
atom in a box potential. For the ground state, a classification is performed based on the fidelity
allowing to quantify the susceptibility of the composite system to structural changes due to the
intercomponent coupling. We analyze the overall response at the many-body level and contrast
it to the single-particle level. By inspecting different entropy measures we capture the degree of
entanglement and intraspecies correlations for a wide range of intra- and intercomponent interactions
and lattice depths. We also spatially resolve the imprint of the entanglement on the one- and
two-body density distributions showcasing that it accelerates the phase separation process or acts
against spatial localization for repulsive and attractive intercomponent interactions, respectively.
The many-body effects on the tunneling dynamics of the individual components, resulting from
their counterflow, are also discussed. The tunneling period of the impurity is very sensitive to the
value of the impurity-medium coupling due to its effective dressing by the few-body medium. Our
work provides implications for engineering localized structures in correlated impurity settings using
species selective optical potentials.

Keywords: multi-layer multi-configuration time-dependent Hartree method (ML-MCTDHB); mix-
tures; impurity; fidelity; entanglement; von Neumann entropy; reduced densities; few-body dynamics

1. Introduction

Multicomponent quantum gases can be experimentally studied with a high degree
of controllability in the ultracold regime [1,2]. Specifically, two-component mixtures of
bosons or fermions can be trapped in various species selective external geometries [3,4].
Few-body ensembles can be realized in particular in one-dimension (1D) [5,6] while the
scattering lengths are tunable through Feshbach and confinement induced resonances [7,8].
In 1D bosonic mixtures the adjustability of the intercomponent interactions gives rise to
intriguing phenomena such as phase-separation processes [9,10] in the repulsive regime,
formation of bound states, e.g., droplet configurations [11,12] for attractive interactions as
well as quasiparticle-like states in highly particle imbalanced systems [13,14].

In this latter context, an impurity species is embedded in an environment of the
majority species called the medium. The presence of a finite impurity-medium coupling
leads to an effective picture where the impurity properties deviate from the bare particle
case exhibiting, for instance, an effective mass [15-18] and induced interactions [19-22]
mediated by the medium. The resultant states are often called polarons [23,24] and have
been experimentally realized mainly in higher-dimensions [25-29] and to a lesser extent
in 1D [13,30] using spectroscopic schemes. Since these settings consist of a few-body
subsystem they naturally show enhanced correlation properties, especially in 1D, rendering
their many-body treatment inevitable. In particular, the emergent impurity-medium
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entanglement can lead to spatial undulations of the medium. This mechanism is manifested,
for instance, as sound-wave emission [17,31] and collective excitations [32,33] of the host
or the formation of a bound state [34-36] between the impurity and atoms of the medium
for attractive interspecies interactions.

Another relevant ingredient is the external trapping geometry that the two compo-
nents experience. Indeed, for harmonically trapped and homogeneous systems remarkable
dynamical features of impurity physics include the spontaneous generation of localized
patterns [17,37-39], inelastic collisional aspects of driven impurities [40—-42] with the sur-
rounding and their relaxation at long timescales [43—45]. On the other hand, when a lattice
potential is introduced the situation becomes more complicated giving rise, among others,
to doped insulator physics [46,47] and impurity transport [48-50]. Apparently, configuring
one component by manipulating its external trap while leaving the other intact, e.g., by
using a species selective external potential, it is possible to control the response of the
unperturbed component via the impurity-medium interaction [51,52]. For instance, oper-
ating in the lowest-band approximation it has been demonstrated that a lattice trapped
impurity interacting with a homogeneous host exhibits besides tunneling dynamics [53]
also self-trapping events [54,55] and can even undergo Bloch-oscillations [56]. The oppo-
site case, where the medium resides in the lattice, provides an experimental probe of the
impurity-medium collision parameters [57] and interaction strength [58].

In this work by considering an impurity in a box potential and a lattice trapped
few-body medium we examine how the latter affects the impurity’s spatial distribution
by means of (de-)localization for different lattice depths and intercomponent interactions.
Indeed, a lattice trapped medium can reside either in a superfluid or an insulating-like
phase [46], a fact that is expected to crucially impact the impurity’s configuration and
vice versa [59]. To address the ground state properties and quantum quench dynamics of
the above-discussed impurity setting we utilize the multi-layer multi-configuration time-
dependent Hartree method for atomic mixtures (ML-MCTDHX) [60-62]. This variational
method enables us to account for the relevant correlations of the mixture and operate
beyond the lowest-band approximation for the medium.

Focusing on the ground state of the system and in order to testify its overall response
for varying intercomponent interactions we determine the fidelity between the coupled
and decoupled composite system both at the many-body and the single-particle level. Note
that in impurity settings this observable is commonly termed residue [23,24] enabling
us to identify, e.g., the polaron formation, while the influence of the impurity-medium
entanglement in this observable is still an open issue. It is demonstrated that despite the
fact that the total entangled state may strongly deviate from its decoupled configuration,
this effect is arguably less pronounced or even diminished at the single-particle level.
Furthermore, we showcase that the build-up of impurity-medium entanglement is sensi-
tive to the interplay between the intercomponent interactions and the lattice depth [46].
Interestingly, stronger interactions do not necessarily lead to a larger amount of entangle-
ment, whereas the state of the majority species may undergo substantial structural changes,
which remain invisible at the single-particle level. Moreover, we identify the imprint of
the background on the impurities and vice versa by relying on one- and two-body density
distributions evincing a rich spatial structure of the components with respect to the lattice
depth as well as the inter- and intracomponent interactions. In particular, it is argued that
for repulsive (attractive) interactions the impurity delocalizes (localizes) around the central
lattice site. The delocalization of the impurity is accompanied by its phase-separation
with the majority component [63], where the impurity tends to the edges of the box for a
superfluid background or exhibits a multi-hump structure for an insulating medium. We
further analyze how much the intercomponent correlations are actually involved in the
structural changes observed in the spatial probability distributions. To this end we compare
density distributions of the numerically exact ground state to the corresponding ones of
an approximate non-entangled ground state. We identify that the entanglement-induced
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corrections accelerate phase-separation at repulsive couplings and generally slow down
spatial localization at attractive interactions.

Finally, we monitor the non-equilibrium dynamics of the mixture. We prepare the
system in a phase-separated, i.e., disentangled configuration, and quench the intercom-
ponent interactions to smaller values resulting in the counterflow of the components and
thus triggering their tunneling dynamics and the consequent build-up of entanglement.
The majority component plays the role of a material barrier for the impurity [50,64] which
performs tunneling oscillations whose period depends strongly on the impurity-medium
interaction. The many-body nature of the tunneling process of the components is testified
by invoking the individual natural orbitals constituting the time-evolved many-body state.

Our presentation is structured as follows. In Section 2, we introduce the impurity
setting and in Section 3 we discuss our many-body treatment to tackle its ground state
and dynamics. The ground state properties of the delocalized impurity and the lattice
trapped medium are addressed in Section 4. We analyze the fidelity between perturbed
and unperturbed (reduced) density operators, quantify the degree of entanglement and
visualize its impact on single- and two-body density distributions of each species for
different intra- and intercomponent interactions and lattice depths. The non-equilibrium
dynamics of the mixture following a quench of the impurity-medium coupling to smaller
values is discussed in Section 5. We provide a summary of our results and elaborate on
future perspectives in Section 6.

2. Setup and Hamiltonian

We consider a single impurity particle immersed in a few-body system of ultracold
bosons. Both components reside in a quasi-1D geometry ensured by a strong transversal
confinement [13]. Along the longitudinal direction the N4 majority species atoms of mass
m 4 are trapped inside a lattice of depth V with [ sites and length L with hard-wall boundary
conditions. The impurity atom of mass mp is subject to a box potential of the same length.
The species-dependent trapping has been successfully demonstrated experimentally [3,4].
The inter-particle interactions are of s-wave contact type with g4 4 denoting the majority-
majority interaction strength and g 4p the majority-impurity coupling. Both may be tuned
independently by a combination of Feshbach and confinement induced resonances [7,8].
Furthermore, we assume equal masses m4 = mp, which corresponds to a mixture of
the same isotope with the particles being distinguishable due to two different hyperfine
states [65-70]. By introducing R* = L and E* = h?/(mL?) as length and energy scales we
arrive at the following rescaled many-body Hamiltonian:

19 Nafq192
=207 L\ 2002

i

Ny Ny
+ Vsinz(nlxi)) +94a Z&(xi — x]-) + 9AB Z(S(xi -y), @
i

i<j

where y and x; denote the spatial coordinates of the impurity and ith majority
atom, respectively.

In this work we primarily focus on the ground state properties of the above many-body
Hamiltonian Equation (1) with [ = 5 lattice sites and N4 = 5 majority particles. In particu-
lar, we are interested in the susceptibility of the composite system to structural changes
and the amount of inter-particle correlations it may hold. We cover a parameter space
from moderately attractive to repulsive interaction strengths, i.e., a4 € [—3.0,3.0]E*R*
and gap € [—5.0,5.0]E*R*, for a range of lattice depths from shallow to deep, namely
V € [100,1000]E*. In the following, we will refer to a lattice as being shallow (V < 200),
moderately deep (V =~ 500) and very deep (V > 800). We remark that in recoil units
the above parameters translate to gaa € [—0.38,0.38]EyecXrec, S48 € [—0.64,0.64]ErecXrec
and V € [0.81,8.1]E;,.. Additionally, we demonstrate how an initially disentangled state
prepared in the immiscible regime acquires dynamically a finite amount of entanglement
after quenching the intercomponent coupling g 4, thus triggering a counter-flow tunneling
process of the two components.
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3. Variational Approach

In order to account for effects stemming from inter-particle correlations we rely on
the Multi-Layer Multi-Configurational Time-Dependent Hartree Method for atomic mix-
tures (ML-MCTDHX), for short ML-X [60-62]. This ab-initio method has been successfully
applied to solve the time-dependent Schrédinger equation of various experimentally ac-
cessible and extensively studied systems. The core idea of this method lies in expanding
the many-body wave-function in terms of product states of time-dependent single-particle
functions [71,72]. This becomes beneficial, when the number of basis configurations with
considerable contribution to the state fluctuates weakly during the time propagation,
whereas the configurations themselves do change. Taking a variationally optimal ba-
sis at each time-step allows us to cover the high-dimensional Hilbert space at a lower
computational cost compared to a time-independent basis.

The wave function ansatz for a given system is decomposed in multiple layers. On
the first layer, called top layer, we separate the degrees of freedom of the binary mixture
into product states of majority and impurity species functions [¥?(¢)) with o € {A, B} and
ie{1,...,Sk

S
[¥()) = 1 /M) ¥ (1) @ [P (1)) )

Here, the time-dependent coefficients A;(t), normalized as 2,‘5:1 Ai(t) = 1, determine
the degree of entanglement between the components [73]. The choice of S = 1 results in
the so-called species mean-field (SMF) approximation, meaning that no entanglement is
assumed between the components [15]. In that case the intercomponent correlations, if
present, are neglected and every component is effectively subject to an additional one-body
potential induced by the fellow species [50,63]. In this work, we put a special emphasis on
the impact of the entanglement on several one- and two-body quantities by comparing the
numerically exact ground state to the corresponding SMF approximation.

On the second layer, called species layer, each species function [¥7(t)) is expanded
in terms of species-dependent symmetrized product states of single-particle functions
(SPFs) |(p;7(t)> with j € {1,...,s,}, accounting for the bosonic nature of our particles and

abbreviated as [ii”) = |n{,...,ng ):

r sy,

[¥7(t) = ) Ciar(t) [77(1)). ®)

7| Ny

In this expression, the sum is performed over all configurations 71 |N,, obeying the
particle-number constraint ;7 ; n7 = N. On the third and final layer, called primitive
layer, each SPF is represented on a one-dimensional time-independent grid [74].

The Dirac-Frenkel variational principle [75] is subsequently applied to the above
ansatz in order to derive the coupled equations of motion for the expansion coefficients
Ai(t), Cie(t) and the SPFs |(p;7(t)> Finally, performing imaginary time-evolution one
arrives at the ground state wave-function (4), whereas the real time-propagation allows
to study the non-equilibrium dynamics of an arbitrary initial state (5). The results to be
presented below have been obtained by using (S,s4,sg) = (4,5,4) functions/SPFs on the
top/species layers as well as 225 grid points on the primitive layer. We have carefully
checked the convergence behavior of our results by comparing to simulations with a larger
number of orbitals (S,s4,55) = (6,8,6) and found no significant changes for the quantities
of interest.

In the following we will often refer to the reduced j-body density operators ﬁ;’ of
species ¢ and the intercomponent reduced (j + k)-body density operator ﬁﬁk obtained

from the many-body density operator p = [¥) (¥|:

o =ty ftry, {0}), @
Pt = oy, {01 )
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where Ny \ j stands for integrating out N, — j coordinates of component ¢ and & # ¢. Of
particular interest are the reduced one-body density operators ﬁf and p? as well as the
reduced two-body intra- and intercomponent density operators p5' and p4', respectively,
since they determine the expectation values of various experimentally accessible local one-
and two-body observables, such as the average particle position, the inter-atomic distance
or the wave-packet width.

4. Impact of Intercomponent Coupling on Ground State Properties

In Section 4.1, we analyze to which extent the many-body wave-function as well as
the reduced one-body density operators are modified by the intercomponent interaction.
To this end we analyze the fidelity between the interacting and non-interacting (reduced)
density operators, which is a measure of their closeness. We find that with increasing
absolute value of the interaction strength the system is more robust w.r.t. changes on the
one-body as compared to the many-body level. Moreover, each component is affected
differently depending on the lattice depth and majority interaction strength.

Subsequently, in Section 4.2 we quantify the degree of entanglement by means of
the von Neumann entropy and identify parameter regions with substantial inter-particle
correlations. Interestingly, increasing the absolute value of the intercomponent coupling
does not always result in stronger entanglement. In fact, there are parameter regions where
a strongly interacting ground state becomes almost orthogonal to the non-interacting one
and the components remain to a good approximation disentangled.

Finally, we combine insights from Sections 4.1 and 4.2 to identify interesting param-
eter regimes and perform an in-depth analysis of the underlying physical phenomena
in Section 4.3. In particular, we inspect how the spatial representation of density operators
is altered and compare those to the corresponding SMF results. The latter allows us to
spatially resolve the corrections to the SMF densities induced by the entanglement and
interpret its impact as acceleration or deceleration of the undergoing processes, e.g., the
phase separation or localization.

4.1. Fidelity for Quantifying the Impact of the Intercomponent Interaction

First, we aim to analyze how the intercomponent coupling g 4p impacts the ground
state of non-interacting species (NIS) at g4p = 0. For this purpose, we evaluate the
fidelity [76] of two density operators ¢ and ¢ defined as:

2
F(p,0) = (tr ﬁff\/ﬁ) = F(0,p). (6)

We start with the fidelity between a NIS many-body density gp = |¥o) (¥o| and a
many-body density p, = [¥,) (¥| for some finite coupling g4p (Figure 1). Since both
density operators describe pure states, Equation (6) reduces to F,;, = | (¥o[¥g) [ This
measure, F,;, is also known as the polaron residue studied in the context of phonon
dressing of an impurity particle immersed in a bath of majority atoms [23,24].

For a weakly interacting (ga4 = 0.5) majority component Figure 1a we observe
that the many-body fidelity at a fixed lattice depth decreases monotonously with the
modulus of the coupling strength g4p. At deep lattices the rate of its reduction is larger, a
behavior which is even more pronounced at strong negative g 45, where the interacting
state becomes almost orthogonal to the non-interacting one (g4p = —5 and V = 1000).
The black dashed line encircles a parameter region of instability where the SMF ansatz
collapses to a configuration with broken parity symmetry. For a moderately interacting
(g44 = 3.0) majority component Figure 1b the many-body fidelity becomes much more
stable. Contrarily to Figure la the rate of reduction with g 43 is larger at shallow lattices
instead. Finally, for a moderately deep (V = 500) lattice Figure 1c we observe a peculiar
fast decay around g44 ~ —1 starting at g4p < —2. Additionally, at g44 ~ —1 and positive
g ap there is a small pronounced decay region (black dashed circle), which is absent in the
SMF approximation.
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Figure 1. Fidelity | (¥([¥,) |? between a many-body state [¥) at g4 = 0 and a many-body one [¥)
at finite g 4, for (a) gaa = 0.5, (b) gaa = 3.0 and (c) V = 500 as a function of the majority-impurity
coupling g 4p and the lattice depth V' (a,b) or the interaction strength of the majority atoms g4 (c).
All quantities are given in box units with characteristic length R* = L and energy E* = h*/(mL?)
with L denoting the extension of the box trap. Regions encircled by black dashed lines indicate
parameter regions with substantial qualitative differences to the SMF ansatz.

Next, we analyze the fidelity between a free impurity described by a pure state
|Po) (o] and an entangled one p¥, in general being a mixed state Figure 2. Equation (6)
then simplifies to FZ = | (®g| p? |®p) |2. This measure allows to judge to which extent the
impurity atom is still a "free" particle of mass mp. We emphasize that it should not be con-
fused with a polaron quasi-particle having a renormalized effective mass. We observe that
FP follows overall a similar pattern as the many-body fidelity F,,;,, but with a significantly
slower decay rate. Though there are some strong qualitative differences, see in particular
Figure 2c. Namely, the abrupt decay of F,;;, around ga4 ~ —1 at negative g4p Figure 1cis
absent in FP along with the small decay region at positive g5 (black dashed circle). From
this we anticipate that the majority component is responsible for these features in F,,,.

For the above reason, we now investigate the complementary fidelity F{* = F(0{'(gap =
0), ﬁf‘), i.e., between mixed states characterizing a majority particle in the NIS state
p4!(gap = 0) and in the interacting state p¢' Figure 3. This quantity captures to which extent
a majority particle is still in a mixed state induced solely by the intraspecies interaction
strength g4 4. In case of a weak g4 Figure 3a F{! is notably affected only at deep lattices
V > 600 and strong negative coupling gap < —4. For large g4 4 Figure 3b we observe that
the intercomponent correlations are not strong enough to overcome the intraspecies ones,
thus barely affecting the mixedness of the NIS majority state, since F{! ~ 1 in the whole
range —2 < g4 < 5and 100 < V < 700. In Figure 3c we find evidence that the majority
component is indeed responsible for the particular decay patterns observed in the many-
body fidelity F,,;,, which were absent in FP. Overall, the majority component demonstrates
a higher level of robustness at the single-particle level as compared to the impurity.

1000 700 1 10
a
800 ) 600 b) <)
0 0.75
500
600 -
~ = ~
=~ 400 S-! 0.5 &
400 300
-2 0.25
200 200
-4 -2 0 2 4 WO 1T 33 1 5 3 0 -4 —5 o oo
9AB 9AB 9gAB

Figure 2. Fidelity FP = | (@] pF |®) |? between a free impurity particle |®y) at g45 = 0 and an
entangled one ﬁf at finite gap, for (a) gaa = 0.5, (b) gaa = 3.0 and (c¢) V = 500 and varying
majority-impurity coupling ¢ 4p and the lattice depth V or the interaction strength of the majority
atoms g4 4. All quantities are expressed in box units with characteristic length R* = L and energy
E* = 1%/ (mL?) while L is the extension of the box trap.
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Figure 3. Fidelity F{! = F(p{!, p{'(gap = 0)) between mixed states characterizing a majority particle
when the medium is disentangled 7' (g4 = 0) and entangled p7* with the impurity atom, for (a)
844 =0.5,(b) gaa = 3.0and (c) V = 500 as a function of the majority-impurity coupling g4p and
the lattice depth V (a,b) or the interaction strength of the majority atoms g4 4 (c). All quantities are
provided in box units of characteristic length R* = L and energy E* = */(mL?) with L being the
extension of the box trap.

4.2. Entropy Measures for Quantifying the Degree of Correlations

As we have seen in the previous section, an initially disentangled composite system
may be drastically influenced by the intercomponent coupling. However, it is far from
obvious to which extent the correlations are actually involved when the ground state
undergoes structural changes [77]. For instance, a strongly interacting ground state may
in fact just represent a different disentangled state or a state seemingly unaffected by the
coupling may feature substantial correlations which guarantee its robustness. To investigate
these intriguing possibilities we perform a further classification based on the degree of
inter-particle correlations.

To quantify the degree of correlations in our impurity system we use the von Neu-
mann entropy of the reduced density operators [78]. Here, we distinguish between the
entanglement entropy S,n of the reduced density operator p” of species o [9,46] and
the fragmentation entropy S7; of the reduced one-body density operator ¢ of species
0 [52,79,80]. The former, §, is obtained by tracing the density operator p of the composite
many-body system over one of the species, while the latter, 0{, by additionally tracing
07 over all of the particles of the remaining component except one. In the presence of
correlations the resulting reduced density operator will describe a mixed state. The en-
tanglement entropy is caused by intercomponent correlations whereas the fragmentation
entropy is primarily a signature of intracomponent ones, though it can be greatly impacted
once the intercomponent correlations become dominant. Explicitly, the entanglement and
fragmentation entropies are given as:

s S
Son = —tr(p7Inp%) = — ) AjInA; with p7 = trg(p) = ) A; [¥7) (¥71, )
i=1 i=1
So Sg-
Oy = (g =~ YonfInnd  withpf = tr, 1(5) = Yo n¢ [B9) (@], ©)
i=1 i=1

In these expressions, A; and [¥7) denote the natural populations and natural orbitals
of the spectrally decomposed ¢, while n{ and |®{) are the natural populations and natural
orbitals of the spectrally decomposed (f [60,72]. Furthermore, S and s, are the number of
species orbitals and single-particle functions, respectively, N, is the number of o component
particles and o # 7.

In the following, we display the species entanglement S,y from Equation (7)
Figure 4 and the majority fragmentation SZ; from Equation (8) Figure 5 as a function
of the majority-impurity coupling g 4p and the lattice depth V' or the interaction strength
of the majority atoms gaa. In case the entanglement entropy S,y is close to zero, the
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corresponding subsystems are to a very good approximation disentangled. Thus, making a
SMF ansatz in Equation (2) would greatly facilitate numerical calculations while providing
quantitatively good results for physical observables. On the other hand, already moderate
values of entanglement may have an impact on some physical quantities with measurable
differences to the SMF approximation, whereas local peaks may indicate phase transi-
tions [10,81,82]. Regarding the fragmentation entropy of interacting majority atoms SZ; it
is highly non-trivial to predict how their intrinsic mixedness, caused by the intra-particle
interactions g4 4, can be changed by the intercomponent coupling g 45.

4.2.1. Weakly Repulsive Interacting Majority Component

For a weakly interacting majority component with g44 = 0.5, the entanglement
entropy S,n Figure 4a displays two different behaviors depending on the sign of the
coupling strength. For positive g 4p it increases gradually with increasing coupling strength
g4, with the build-up being faster for a deeper lattice [52]. This is related to the onset
of phase separation taking place sooner for a deeper lattice with increasing g4p (see also
the discussion in Section 4.3). Turning to negative g4p the entanglement entropy first
grows gradually with decreasing coupling strength g 4p, but then, for larger V below some
threshold value, the entanglement reduces to almost zero (g4 < —4 and V > 600). Apart
from the above mentioned pattern the overall behavior of S, in Figure 4a is very similar
to the one observed in the corresponding many-body fidelity Figure 1a.

1000 700 1 - w10
600 b) <)
800 0 075
500 \
600 -
-~ = 400 3-1 05 o5
100 300
! -2 0.25
200 200
“1 220 W=7 1T 3 3 4 5 3 g -1 =2 o °°

9AB 9AB gaB

Figure 4. Entanglement entropy S,n, see Equation (7), for (a) g44 = 0.5, (b) gaa = 3.0 and
(c) V = 500 with varying majority-impurity coupling g4p and the lattice depth V' (a,b) or the interac-
tion strength of the majority atoms g4 4 (c). All quantities are given in box units with characteristic
length R* = L and energy E* = 1?/(mL?) with L denoting the extension of the box trap.

The fragmentation entropy of the majority component S;}“N Figure 5a at g4p = O is
larger for a deeper lattice. The reason is that the ratio of the intraspecies interaction energy
and the single-particle energy of the majority component increases with a larger V or g4 4.
In the limit of an infinitely deep lattice or an infinitely strong intraspecies repulsion we
expect full fermionization, meaning that the one-body density operator becomes a mixed
state with a uniform distribution of natural orbitals and the fragmentation entropy of the
majority component reaches the value In(N4) =~ 1.6. However, we observe that we are
operating far away from that limit, since max SZ}; < 0.4.

At positive g4p, as the entanglement entropy S,y builds up Figure 4a, the fragmenta-
tion entropy SZ; of the majority component at g45 = 0 is more robust to variations of g4p
at deeper lattice depths compared to shallow lattices Figure 5a. Once the entanglement
becomes strong enough to overcome intracomponent correlations, the fragmentation en-
tropy of the majority atoms starts to increase with a fast rate (e.g., V = 1000, g4p > 4). At
negative g 4p, if the medium features a small fragmentation entropy at g4p = 0 (V < 900),
then SZ rises first with decreasing g4, reaches a local maximum and finally drops to very
small values at a sufficiently strong coupling strength. In contrast, if the fragmentation
entropy of the decoupled majority component has already reached a moderate magnitude
(V > 900), then the initial fragmentation is gradually reduced with decreasing g4, until fi-
nally both entropies become negligibly small (g4p < —4). Once that happens, the resulting
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many-body state becomes to a good approximation a disentangled composite state with a
condensed majority component.

1000 10
)
800 075
600 =
N d 053=
400
025
200
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—4 =2 0 2 —2-10 1 2 3 4 5 26 4 20
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Figure 5. Fragmentation entropy SDAN, see Equation (8), for (a) gaa = 0.5, (b) gaa = 3.0 and
(c) V = 500 with respect to the majority-impurity coupling g 45 and the lattice depth V (a,b) or the
interaction strength of the majority atoms ga4 (c). All quantities are provided in terms of box units
with characteristic length R* = L and energy E* = 1 /(mL?) while L denotes the extension of the
box trap.

4.2.2. Moderately Repulsive Interacting Majority Component

The entanglement entropy S,y of a moderately interacting majority medium at
gaa = 3.0 in Figure 4b displays the same qualitative behavior as the many-body fidelity
F,p shown in Figure 1b. Contrary to g4 4 = 0.5 the entanglement is overall less pronounced
and builds up faster at shallow lattice depths instead. Such a comparatively weak entan-
glement leaves only a minor imprint on the fragmentation of the majority component SZ;,
see Figure 5b, manifested as a weak dependence on the coupling g45. The fragmentation
of the majority species is substantial compared to g44 = 0.5 Figure 5a at the same lattice
depth. Nevertheless, the fermionization limit is not yet reached, since max S;“N ~ 0.8. The
intercomponent correlations are not strong enough to overcome the intraspecies ones in
accordance with the robustness of the majority component observed on the one-body level
in Figure 3b. From this we expect a rather small impact of entanglement on observables,
which depend solely on the majority particle distribution.

4.2.3. Attractively Interacting Majority Component

Finally, we analyze the dependence of the above-described entropy measures on
the intraspecies interaction strength g44 for a moderately deep lattice depth V = 500
Figures 4c and 5c. Since repulsive interactions have been already amply covered, we here
concentrate on negative g4 4 and gap.

As it can be readily seen, there is a parameter sector at 45 < 0 and g44 > —1 contain-
ing high values for the entanglement entropy S,y Figure 4c. This sector displays a similar
behavior to Sy in Figure 4a at negative couplings, namely starting from the decoupled
regime, the entanglement grows with decreasing g4p, only to drastically decrease below
some negative threshold value of g4p. This threshold for g4p lies at lower values the
higher the intracomponent interaction strength g4 4 is. We find that this abrupt decay of
Syn coincides with the one observed in the many-body fidelity F,,;, Figure 1c. This suggests
that the disappearance of intercomponent correlations leads to an increased susceptibility
of the system to g4p variation. The other decay region, present in F,; at g4 ~ —1 and
negative g 4p, is missing in the entanglement entropy S, . Form this we infer that it can be
understood within the SMF picture. Additionally, there is also another much smaller sector
characterized by a high entanglement entropy at g4g > 0 and ga4 ~ —1. It is directly
related to structural changes observed in F,;, and F{* at the same values Figures 1c and 3c,
which would have been absent in the SMF picture. Apart from that, below g44 < —1 the
entanglement entropy among the components is either absent or of minor relevance.

Previously, we have mentioned that an isolated majority species, which interacts
repulsively (g44 > 0), features a higher degree of fragmentation the larger g44 is. In
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the case of attractive interactions (ga4 < 0), however, the situation is different. Namely,
starting from g4 4 = 0 the fragmentation entropy tends first to increase with decreasing
844, but then decreases up to the point of describing approximately a condensed state
again see Figure 5c at g4 = 0. Regarding the impact of the intercomponent coupling
SAB ON S;‘N we observe overall very similar patterns as for the entanglement entropy S,
Figure 4c. Regions where both entropic measures S,y and SZy; are of small magnitude
remind of the corresponding sectors in Figures 4a and 5a at V > 800 and g4p < —4.

4.3. Single- and Two-Particle Density Distributions

The measures of fidelity and entropy discussed in the previous sections are very useful
in identifying parameter regions being substantially impacted and/or highly correlated
indicating regimes of high interest for further investigation. However, they do not provide
insights into the actually undergoing processes. To get a better understanding we ask
for the impact on measurable quantities such as the one-body and two-body density
distribution functions, which can be accessed by fluorescence imaging with a quantum gas
microscope [83-87].

In the following, p{(z) describes the probability density to find a single particle of
species ¢ at position z, while p§7 (z1,z;) denotes the probability density to simultaneously
measure one particle of species ¢ at position z; and another one of the same or different
species 7 at position z;. The expectation value of any local observable depending on up
to two degrees of freedom can be evaluated as an overlap integral with the appropriate
probability density. Since many local observables often depend only on the distance
between the particles, i.e.,, O(z1,22) = O(z1 — z2), we replace p37(z1, z2) by the probability
density p?%(r) to measure two particles belonging to the same or different species at a
relative distance r independent of their individual positions. To this end we perform a
coordinate transformation R = (z1 + z2) /2 and r = z1 — z3 giving the following identity:

/pgﬁ(zl,zgdzl dzy = /pg‘_f(r,R)drdR. )
Then we define:
o7 (r) = [ p87(r R)dR. (10)

Our first goal here is to investigate how the above mentioned quantities are affected
in parameter sectors displaying strong susceptibility to structural changes identified in
Section 4.1 and, in particular, whether the density distributions are capable to capture the
undergoing changes in the many-body state.

Our second goal is to extract the impact of the entanglement. To this end we compare
the above density distributions obtained from the variational ML-X calculations to the
ones where the SMF ansatz is assumed. The latter will be distinguished by a tilde sign
placed on top of the corresponding quantities. In the following, we shall evince that a large
entanglement entropy identified in Section 4.2 has indeed a notable impact, but not always
on all of the above mentioned density distributions. Thus, it may enhance or impede the
effects coming from the induced SMF potential, such as phase separation and localization,
or affect the bunching properties of the majority component.

4.3.1. Weakly Repulsive Interacting Majority Component

For a shallow lattice (V = 100) we observe in Figure 6 that the majority component
(panel al) at gap = 0 occupies mainly the central site (at z = 0) and the two intermediate
ones (at z = £0.2), while p24 (panel c1) features an almost Gaussian shape due to weak
intraspecies correlations. At moderate positive couplings (g4p > 3) both quantities are only
slightly affected in accordance with the robustness of F{* in this interaction regime Figure 3a.
At moderate negative couplings (gap < —3) both pf! and p/ shrink with decreasing g5
indicating an increased bunching tendency of the majority atoms towards the central lattice
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site. The impact of entanglement here is moderate. It leads to an increased probability for
the majority component to occupy the two intermediate sites, while disfavoring the central
site (panel a2). Thus, it acts as an inhibitor of localization at negative g4p and counteracts
changes induced by the SMF potential at positive g4p. Furthermore, entanglement favors
bunching of the majority particles independent of the sign of the coupling (panel c2).
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Figure 6. Upper panels: one-body probability densities p1 (x), o (y) (see Equation (4)) and distance probability distributions
o (x1 — x2), p2B(x — y) (see Equation (10)) at ga4 = 0.5, V = 100 and for various values of g4 (see legend). Lower
panels: difference between probability densities obtained from the variational ML-X simulations and the SMF ansatz, the

latter distinguished by a tilde sign. All quantities are given in box units with characteristic length R* = L and energy
E* = h?/(mL?) with L being the extension of the box trap.

The decoupled impurity particle (panel bl) occupies the ground state of the box
potential. At moderate positive couplings it develops two humps and forms a shell around
the majority component density, a signature of phase separation [46,63] further confirmed
by the appearance of two humps in p/'® (panel d1). At negative couplings p? and p/' shrink
with decreasing g 4p accumulating around the trap center. The entanglement favors the
process of phase separation at positive couplings and bunching between the two species at
negative couplings (panel d2), while slowing down the shrinking of p? at negative coupling
(panel b2). We also remark that upon reaching a certain threshold value of g4p > 4, the
SME solution experiences breaking of parity symmetry, causing substantial differences to
the many-body symmetry-preserving solution (not shown).

For a deep lattice (V = 1000) in Figure 7 the majority component (panel al) at g4p = 0
displays an almost uniform distribution over all the lattice sites, while p/!* (panel c1)
features a multi-hump structure due to stronger intraspecies correlations cf. Figure 5a). At
moderate positive couplings (g4 > 3) the width of p{! and p/4 is only slightly increased,
again in accordance with the robustness of F{! Figure 3a. Thus, the majority component,
experiencing the presence of a repelling impurity atom, shows a slight enhancement
of the already present delocalization over the lattice. At moderate negative couplings
(gap < —3) both pf and pf‘A shrink with decreasing gap to the extent where all atoms
occupy predominantly only the central site (§4p < —4). Such a large difference to the
non-interacting ground state is in accordance with the observations made in F{* Figure 3a.

The impact of entanglement is structurally different compared to a shallow lattice
(panels a2 and c2). At positive couplings, the entanglement greatly increases the probability
for the majority atoms to be found at the central site, while decreasing the probability at
outer sites (z = +0.4) and being indifferent to the intermediate sites (panel a2). Additionally,
it favors the bunching of the majority particles at the same or neighboring sites and
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disfavors them being more than two sites apart (panel c2). At negative couplings, it acts
in a similar way as in the case of shallow lattices, except that for a sufficiently strong
coupling strength (g4p < —4), where both entropy measures are of small magnitude see
Figures 4a and 5a, the SMF ansatz is in good accordance with the many-body solution.
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Figure 7. Upper panels: one-body probability densities pf!(x), p¥(y) (see Equation (4)) and distance probability distri-
butions p/4 (x1 — x2), pAB(x — ) (see Equation (10)) at g44 = 0.5, V = 1000 and for various values of g4p (see legend).
Lower panels: difference between probability densities obtained from many-body ML-X calculations and SMF ansatz, the

latter distinguished by a tilde sign. All quantities are given in box units with characteristic length R* = L and energy
E* = h?/(mL?) with L denoting the extension of the box trap.

The impurity particle (panel bl) at positive couplings (gap > 3) first develops two
humps, but then as the coupling increases, the relative distance between those peaks
grows, while the humps themselves become flatter. There is a strong signature of an
onset of a four-peak structure at g4p = 5. This is in accordance with the increasing
relative distance between the species (panel d1) and the fact that the majority atoms are
distributed uniformly over all the lattice sites in contrast to g4 4 = 0.5, where the majority
component was occupying mainly the central and the intermediate sites. At negative
couplings (g5 < —3) p¥ and p/AB shrink with decreasing gp.

The entanglement favors the process where the impurity atom moves from the box
center to its boundaries independently of the sign of the coupling (panel b2). At g4p < —4.0
it plays only a minor role, the same as for the majority component. Regarding p/8, at
positive couplings the entanglement favors the process of phase separation by pushing the
impurity particle more than two sites apart from a majority atom (panel d2). At negative
couplings it enhances the bunching between the two species, even when the entanglement
entropy is very small (e.g., at gap = —5.0).

4.3.2. Moderately Repulsive Interacting Majority Component

Considering our findings regarding fidelity and entropy measures we investigate
here only shallow lattices at positive couplings Figure 8, where the structural changes
caused by the coupling and the entanglement entropy S,n may have a sizable impact on
density distributions. The decoupled density of the majority component (panel al) has
three pronounced humps at the central (z = 0) and intermediate sites (z = +0.2). The
profile is overall more spread compared to a weakly interacting majority (cf. Figure 6 panel
al). Indeed, it is most beneficial for two particles to occupy neighboring sites (see the
two humps in panel c1). The majority component gets only a weak feedback from the
presence of a repulsive impurity atom, even at coupling strengths comparable to g44 in
accordance with the robustness of F{! in Figure 3b. The role of the entanglement is also
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rather weak, though qualitatively different to g4 4 = 0.5 in Figure 6. Thus, it increases the
probability for the majority particle to be found at the region enclosed between the two
intermediate sites, while decreasing the probability to be detected outside of that region
(panel a2). Furthermore, it favors particle distances of a half lattice constant (a; = 0.2R*)
(panel c2).
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Figure 8. Upper panels: one-body probability densities p1' (x), o (y) (see Equation (4)) and distance probability distributions
A (x1 — x2), pAB(x — ) (see Equation (10)) at g44 = 3.0, V = 100 and for different values of g5 (see legend). Lower
panels: difference between probability densities obtained from the many-body ML-X calculations and SMF ansatz, the latter
distinguished by a tilde sign. All quantities are provide in terms of box units with characteristic length R* = L and energy
E* = 1?/(mL?) while L is the extension of the box trap.

The impurity particle (panel bl) experiences phase separation similar to Figure 6
(panel bl), i.e., upon increasing g 4p it develops two humps with a minimum at the trap
center. Then, those humps separate and flatten, until finally they would form a four-
hump structure with three local minima located at the position of the three peaks in the
majority component density (compare to panel al). The separation between the species is
again clearly manifested as two humps in p/AP with favored distance of a lattice constant
(a; = 0.2R*) (panel d1). The entanglement affects the impurity atom in quite an opposite
way when compared to the majority component (panel b2), i.e., it decreases the probability
for the impurity atom to be found at the region enclosed between the two intermediate
sites, while increasing the probability to lie outside of that region. Additionally, similar to
the behavior at weaker g4 4 (cf. Figure 6 panel d2), the entanglement accelerates the phase
separation process (panel d2).

4.3.3. Attractively Interacting Majority Component

Finally, we concentrate on negative intraspecies interactions g4, namely a weak
negative gaa = —0.4 at negative gap Figure 9, contained in the parameter sector with
substantial entanglement entropy Figure 4c.

In Figure 9, a decoupled majority atom where g4p = 0 is localized at the central
(z = 0) and intermediate (z = +0.2) wells (panel al). Even though the majority atoms are
attracted to each other, the probability to be one or even two wells apart is still sizable
(panel c1). With decreasing g 45 both p{' and p/4 shrink to a Gaussian. The impact of
entanglement is quite different compared to the previously considered cases. Thus, at
gap > —4.8 the entanglement slows down the process of p#! localization at the central well
(panel a2). The strongest impact is reached around g4p ~ —2.4, where the entanglement
entropy is largest for the given value of intracomponent interaction g4 4 = —0.4 Figure 4c.
Below gap < —4.8, as the entanglement entropy suddenly drops, so does the difference to
the SMF ansatz. The intercomponent correlations favor clustering of the majority atoms at
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—24 < gap <0and gap < —4.2, whereas at —4.2 < g4p < —2.4, where the entanglement
entropy is largest, they inhibit the clustering (panel c2).
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Figure 9. Upper panels: one-body probability densities p{! (x), o (y) (see Equation (4)) and distance probability distributions
A4 (%1 — x2), pAB(x — y) (see Equation (10)) at g44 = —0.4, V = 500 and for various values of g4 (see legend). Lower

panels: difference between probability densities obtained from the variational ML-X simulations and SMF ansatz, the
latter distinguished by a tilde sign. All quantities are expressed in box units of characteristic length R* = L and energy
E* = 1*/(mL?) while L being the extension of the box trap.

The impurity density p? shows a similar behavior as the majority component density
(panel b1), also in terms of the role of the entanglement (panel b2). The width of p/\P
shrinks with decreasing ¢4p (panel d1), while the entanglement enhances the bunching
between the two species (panel d2).

5. Quench Induced Tunneling Dynamics

Having analyzed in detail the ground state properties of our system, we subsequently
study the dynamical response of a single impurity coupled to a lattice trapped species upon
quenching the interspecies interaction strength g 4p. To this end we prepare the system in its
ground state for V = 500, g4p = 6.0 and g4 4 = 0.5, leading to the formation of a two-fold
degeneracy in the ground state and the two species phase separate [46]. In this sense, the
ground state one-body density is given by a superposition state of two parity-symmetry
broken configurations, where the density of the first one is depicted in Figure 10a and the
second one corresponds to its parity-symmetric (with respect to x = 0) counterpart. It is
possible to remove this degeneracy in order to select any of the states in the respective
degenerate manifold. Technically, this is done by applying a small asymmetry, e.g., a tilt, to
the lattice potential, thereby breaking the parity symmetry and energetically favoring one
of the above-mentioned states [50].

To trigger the dynamics starting from the initial state configuration illustrated in
Figure 10a we quench the interspecies interaction strength to a smaller value. As a rep-
resentative example of the emergent tunneling dynamics of each species we present the
temporal evolution of the corresponding one-body densities in Figure 10c,d following a
quench to gap = 4.5, while keeping fixed V = 500 and g4 4 = 0.5. In this case the impurity
performs an oscillatory motion which is reminiscent of the tunneling of a particle in a
double-well. This can be attributed to the lifting of the degeneracy for smaller interspecies
interaction strengths. For a post-quench value of g 45 = 4.5 the initially prepared state has
a substantial overlap with the post-quench ground state and the first excited state such
that in the course of the dynamics the system will oscillate between those two. This is
similar to a single particle in a double-well which is prepared as a superposition of the
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first doublet and undergoes a tunneling between the sites. Correspondingly, the majority
species will undergo a collective tunneling in the lattice geometry [50,53]. Thus, the prob-
ability distribution of a single majority species particle will oscillate between the initial
distribution Figure 10a and its parity-symmetric counterpart. Due to the repulsive nature
of the interspecies coupling the two species move in opposite directions such that they end
up in phase-separated configurations after half a period. Note that the oscillation period,
being the energy gap between the two energetically lowest eigenstates of the post-quench
Hamiltonian (not shown here), depends on the post-quench g 4p. This can be easily verified
by monitoring the temporal evolution of the averaged position of the impurity [13] which
is defined as

A L/2
(XB) :/L/2 dxp® (x)x. (11)
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Figure 10. (a) One-body density pf(x) of the initial state configuration for V = 500, g44 = 0.5 and g4p = 6.0 at t = 0.

Temporal evolution of (b) the averaged position of the impurity (Xp) (see Equation (11)), (c) the one-body density of the

majority species and (d) the one-body density of the impurity upon quenching the interspecies interaction strength to

SAB = 4.5.

For various post-quench g 4 we find that the impurity will occupy its parity-symmetric
counterpart, reflected in the decrease of (X B) towards negative values, while the oscillation
decreases with smaller g 4p Figure 10b.

In order to gain insight into beyond mean-field effects we investigate the natural
populations n? (see Equation (8)) which indicate the degree of fragmentation of the sub-
system [9,71]. For simplicity here we present the populations of the first two dominantly
populated natural orbitals while using six orbitals in the actual calculations. The initial
depletion of both subsystems is rather small, i.e., n{‘ ~ 0.996 and n? ~ 0.99, such that any
decrease of these populations upon quenching g4 is due to dynamical many-body effects.
We find that for both subsystems dominantly two natural orbitals contribute during the
dynamics Figure 11c,d, while the ones of the medium are less impacted by the quench. For
the natural populations of the impurity signatures of an oscillation can be observed, where
n® initially decreases and revives back towards n¥ a2 0.9, while 15 initially increases and
afterwards drops back to nearly zero. In order to attribute the occupation of the additional
natural orbital to physical processes, we analyze the spatial distribution of the natural
orbitals d>}3 (x,t) (see Equation (8)) themselves focusing on the impurity Figure 11a,b. In
Figure 11a we observe that the first natural orbital corresponds to the oscillatory behav-
ior of the one-body density of the impurity, but lacking the smooth transition between
the phase-separated configurations (see Figure 10d). The first natural orbital dominates
during the dynamics and we can interpret its behavior as corresponding to the presence
of the phase-separated density configurations. Consequently, the second natural orbital
Figure 11b, resembling the mirror image of the first one, contributes to deviations from
this solution. Due to its structure we can deduce that it is responsible for initiating the
transport of the impurity, thereby allowing for the counterflow of the two species. Note
that the presence of more than one natural orbital during the dynamics is a clear signature
that mean-field theory would not provide an accurate description of the system dynamics.
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Hence, the fact that |®F) is occupied is a manifestation of many-body effects, influencing
the motion of both species.

Figure 11. Temporal evolution of the density of (a) the first and (b) the second natural orbital <I>]’-3 (x,t) (see Equation (8))
of the impurity and (c), (d) the natural populations n? of both subsystems upon quenching the interspecies interaction

strength g 4p of the ground state in Figure 10a to g4p = 4.5.

6. Summary and Outlook

In this work we analyze the static and dynamical properties of a few-body particle-
imbalanced bosonic mixture at zero temperature. Importantly, the components are exposed
to different one-dimensional external traps where the majority species is subject to a finite
lattice potential while the single impurity is trapped in a box of the same extension as the
lattice. We study the response of the composite system upon the variation of majority-
impurity coupling g 45 and majority component internal parameters being either the lattice
depth V or the majority-majority interaction strength g44.

To quantify the response of static properties we employ the fidelity between two
density operators describing ground states at zero and a finite intercomponent interaction
g4B- We contrast the response at the many-body to the single-particle level. We observe
that the composite system is quite robust to the variation of the intercomponent interaction
at strongly repulsive g4 4, while being fragile at strongly attractive g 45 and deep lattices V
as well as when g4 4 is weakly attractive and g 45 is strongly attractive. Upon comparison
to the fidelities between the corresponding reduced one-body density operators of each
component, we not only observe that each species is affected to a much smaller degree,
but they also respond differently. Thus, for the impurity atom the deviation from the box
ground state increases smoothly with increasing absolute value of g4p, while the reduced
density of the majority component remains very robust to g4p variations except for the
above mentioned parameter regions where the many-body fidelity exhibits significant
structural changes in the ground state.

Next, we have been performing a further classification of our system based on entropy
measures. Namely, we quantify the amount of entanglement and intraspecies correlations
deposited in the binary mixture by evaluating the von Neumann entropy of the respective
subsystems. Interestingly, we find that our composite system is only weakly entangled
for parameter regions which undergo substantial structural changes. Additionally, we
observe that while the entanglement entropy continuously grows with increasing repulsive
gAB, it does not behave the same for attractive g 4p, where it reaches a local maximum at a
finite value of g4p < 0. Another peculiar observation is that the fragmentation entropy
of the majority component undergoes a strong variation for parameter regions, where
the fidelity measure does not show any evidence of majority particles being affected by
the intercomponent interaction. Even though the mixed character of the reduced density
of the medium suffers from substantial changes, it remains un-observable on the single-
particle level.

To visualize our observations stemming from the fidelity measure we show the one-
body density distributions of each component along with the probability distributions
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for two particles of the same or different species to be measured at a relative distance
from each other. These quantities are usually accessible in state-of-the-art ultracold atom
experiments and determine the expectation values of local one- and two-body observables.
Indeed, strong deviations appearing in the fidelity at the single-particle level are also
clearly visible in the corresponding one-body density. At positive couplings we observe an
interspecies phase separation where the impurity is pushed to the box edges, while leaving
the majority component intact. At negative couplings both components tend to increase
their localization at the central well.

To further quantify our conclusions stemming from the entanglement measure we rely
on the difference between the above probability distributions and the corresponding ones
when assuming a disentangled state in our calculations. Again, we find strong deviations
for parameters displaying high entanglement entropy values. Thus, at positive couplings
the entanglement favors the process of phase separation, while at negative couplings it
generally, but not always, counteracts the localization of both species.

Quenching the interspecies interaction strength we are able to induce a dynamical
process which for the impurity is reminiscent of the tunneling of a single particle in a
double well potential. This can be attributed to the lifting of the degeneracy for the
corresponding post-quench Hamiltonian as well as the substantial overlap of the initial
state configuration with the post-quench ground state and the first excited state. Due to
the repulsive interspecies interaction also the majority species will undergo a tunneling
in the lattice geometry such that the two species move in opposite directions, ending up
in phase-separated configurations after half a period. We identify the presence of two
dominant natural orbitals for the impurity species during the dynamics, where the first one
corresponds to phase-separated configurations in the respective one-body density, while
the second one resembles the mirror image of the first one. The presence of an additional
natural orbital emphasizes the many-body character of the dynamics, thereby influencing
the motion of the impurity.

There are various promising research directions that are worth pursuing in the fu-
ture. Indeed, the generalization of our findings for an increasing particle number in the
medium or larger lattice potentials as well as the role of the lattice filling factor is desir-
able. Furthermore, a more elaborated analysis on the possibly emerging impurity-medium
bound states or the engineering of droplet-like configurations in such settings at strong
intercomponent attractions would be important. Furthermore, it would be intriguing to
study the persistence and possible alterations of the identified spatial configurations in the
presence of finite temperature which will impact the coherence of the lattice bosons [88-90].
Another perspective is to investigate the relevant radiofrequency spectrum [31,43] in order
to capture the emergent polaron properties including their lifetime, residue and effective
mass especially in the attractive interaction regimes of bound state formation.
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Abstract

Quantum gas microscopes, which image the atomic occupations in an optical lattice, have opened a
new avenue to the exploration of many-body lattice systems. Imaging trapped systems after freezing
the density distribution by ramping up a pinning lattice leads, however, to a distortion of the original
density distribution, especially when its structures are on the scale of the pinning lattice spacing. We
show that this dynamics can be described by a filter, which we call in analogy to classical optics a
quantum point spread function. Using a machine learning approach, we demonstrate via several
experimentally relevant setups that a suitable deconvolution allows for the reconstruction of the
original density distribution. These findings are both of fundamental interest for the theory of imaging
and of immediate importance for current quantum gas experiments.

1. Introduction

Imaging with high resolution is a cornerstone for understanding the structure, dynamics and functionality of
matter [1-3]. In the field of ultracold atoms, quantum gas microscopes have opened new avenues for studying
lattice systems [4—7] and led to remarkable progress and insights, such as density correlations and string order [8],
long-range anti-ferromagnetic correlations [9] or entanglement growth [10] in Mott insulators. Naturally, itis of
equal interest to study trapped, i.e. non-lattice systems, where imaging with single-atom sensitivity is also vital for
exploring beyond mean-field physics, i.e. for probing correlation effects [11]. Single-atom resolved imaging in free
space has been demonstrated for metastable helium atoms, which can be detected using a multi-channel plate with
atypical resolution of 60 yum [12], and recently for lithium atoms using a short fluorescence pulse, where the
position spread due to scattering recoils can be reduced to 4 zm [13]. In order to reach sub-micron resolution, the
positions of the atoms have to be frozen by ramping up a pinning lattice before the fluorescence imaging and
detection of the atoms takes place. Such a capture of atoms in a pinning lattice was demonstrated starting from a
larger scale lattice [14] or a larger scale continuous system [15], but freezing and measuring of density structures on
the scale of the pinning lattice spacing was so far not considered and achieved.

Alternative schemes to reach sub-lattice resolution of quantum gases, inspired by related imaging techniques
in other fields, have been proposed or realized. Stimulated emission depletion microscopy [16], which breaks the
diffraction limit set by the imaging wavelength, can be adapted to quantum gases using the position-dependent
dark state of a Lambda-system [17—19]. A scanning tunneling microscope could be realized by coupling to a
single ion [20] or by using dispersive couplings to a cavity [21]. Momentum mapping in combination with phase
retrieval should allow imaging with 1-2 orders of magnitude better than the lattice spacing [22]. Finally,
scanning electron microscopy was successfully applied to quantum gases reaching a resolution below 150 nm
[23]. However, the combination of sub-micron resolution and single-atom sensitivity has so far only been
achieved by fluorescence imaging in a pinning lattice.

©2019 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Protocol for imaging trapped few-body systems with a quantum gas microscope. (a) A few-particle system with one-body
density p(x) (blue line) is prepared in a trap (black line). (b) The positions of the atoms are frozen by switching off the trap and ramping
up a pinning lattice (red line). Due to the dynamics during the ramp, the density is distorted. (c) The positions of the atoms are
detected via fluorescence imaging. (d) Individual possible measurement outcomes in a single image. (¢) The measurement signal is
obtained as the average over many realizations, but it contains the deformation due to the ramp dynamics. By repeatedly preparing a
realization of the system and freezing with different phases of the pinning lattice ¢, the density after the ramp can be sampled with a
resolution below the lattice spacing a;. (f) By deconvolution with the quantum point spread function (qPSF), the original density can
be recovered. All sub-figures show sketches.

Here, we propose to perform repeated measurements with shifted positions of the pinning lattice relative to
the trapped physical system, such that a resolution below the lattice spacing becomes possible and we provide an
in-depth analysis of this protocol. We show that the density structures on the scale of the lattice spacing will be
distorted due to the dynamics taking place during the ramp-up of the pinning lattice. The lattice ramp has to be
sufficiently fast to avoid an adiabatic loading of the ground state of the lattice, but sufficiently slow to avoid
projections onto very high bands, where the atom positions are not frozen due to large tunneling rates. The
proposed scenario is illustrated in figure 1. We show that the distortions during the ramp-up can be captured by
aquantum point spread function (qPSF). Using deconvolution techniques, these distortions can be removed,
which enhances the resolution of the overall measurement sequence. We find that the deconvolution is both
relevant and effective for density structures on the scale of the lattice spacing and provides a sub-wavelength
resolution. Our approach and technique suggests itself for immediate applications, because a tight confinement
and resulting small structures of the original trapped system allow for strongly interacting quantum systems,
while the spacing of the pinning lattice is fixed to typically 0.5 zm by the optical wavelength of the interfering
laser beams.

Our work is structured as follows. In section 2 we show that the density measurement outcome of a single
particle can be formulated in terms of a convolution of the underlying one-body density matrix with a gPSF. We
extend our framework to many-body systems in section 3. In order to remove distortions of the original density
caused by our protocol a two-step reconstruction scheme is proposed in section 4, involving a machine learning
and a deconvolution step. In section 5, we demonstrate the performance of our approach for several distinct
examples and conclude with an outlook in section 5.

2. Quantum point spread function

We first derive the qPSF for the measurement of a single particle in the pre-measurement state |¢)” and then
extend the concept to many-body systems. For simplicity, we consider only one-dimensional systems, but our
framework equally applies to higher spatial dimensions.

The measurement is modeled as a two-step process: the ramp-up of the pinning lattice and the read-out of
the state occupations. In the following, we keep the phase offset of the pinning lattice ¢ fixed and thereafter vary
it for resolving fine density structures. During the ramp-up, we assume that all external potentials but the
pinning lattice are either switched off or negligible such that the quantum dynamics is governed by the

5 . .
Our results can be straightforwardly adapted to mixed pre-measurement states.

2
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Figure 2. Filter for image deconvolution. (a) Real part and (b) imaginary part of the quantum point spread function Q(x, x’).
(c) Comparison of the filter from diagonal approximation (black) and multi-frame filter (red) learned from physical examples (see
text). Ramping parameters are Vy = 200E, and Ty = h/E,.

Hamiltonian

52

ho(t) = 2 4 vysin? (kiz — ). )
2m

Here, the lattice depth V(¥) is ramped up from zero to its maximal value Vywithin the time-scale T¢by using a
tanh-like ramping protocol and k; denotes the pinning lattice wavenumber corresponding to the lattice spacing
a;. The lattice sets the recoil energy E, = /i%k? /(2m) as typical energy scale. Directly after ramping up the lattice,
N n . T; N N

the system is in the state U,|¢) with U, = T exp(—i/7 j(; " dr hy(7)) and T denoting the chronological time-
ordering operator.

The occupation of the site i is then read out via fluorescence imaging, which we describe within the
established framework of measurement operators R;,, and positive operator-valued measures R R, o [24].
Being only interested in the probability for finding the particle at site i given the phase offset ¢

= (810, R} R, U,19), ®)

we have to specify the operator Iigvﬁ,—w. For this purpose, we assume that a particle that ends up in the Wannier

state |m”¢) of the pinning lattice Hamiltonian 1%0 (T) after the ramp-up, where o denotes the band index, is
measured with the detection efﬁciency 770 € [0, 1], which can be modeled by

i Zna wi Wil 3)

Here, a high detection efficiency 7, is ensured, if the tunneling rate of the band ], is small compared to the
imaging time scales. As ], increases very rapidly for higher bands a, we can approximate the efficiencies by a step
function, i.e. Mo = 1 for a finite number of ‘non-tunneling bands’ and ), = 0 for all higher bands. Then the
operator Ié,» , becomes a projector. Atoms in higher bands or continuum states’ lead to loss and the lattice
ramp has to be chosen such that this loss remains small. Deep lattices and not-too-fast ramps keep thisloss
negligible. Finally, the measurement signal s(x) is obtained by averaging over the pinning lattice shifts ¢.

In order to define the qPSF we consider the analogy to classical optics, where the exact ‘object’ density p(x)
becomes blurred in the image plane via the point spread function f(x) according to the convolution
s(x)=(f*p)x) = f dy p(»)f (x — y), where s(x) denotes the signal in the imaging plane. Given this
relationship and the precise form of f, there are various deblurring techniques for (approximately) restoring p(x).
Our aim here is to reformulate the probablhty Pipasa convolutlon to deﬁne qPSF for our imaging protocol. By

means of the translation symmetry U R R Uﬂ = 1al+<,,U0 RO oRo:0Uo Tm .+, with the translation operator

T = exp(—izp/72), wearrive at our central result:
= [ [axdy 6*0) Qz = % 2 = 1) 6Ol @

where thekernel Q(x, y) = (—x| UJ ﬁotoléo;oﬁd — y) describes both the quantum dynamics during the ramp-
up of the pinning lattice and the subsequent fluorescence imaging. Thus, we find that the probability of detecting
the particle at site 7 given the pinning lattice offset ¢ is provided by the diagonal of the two-dimensional (2D)
convolution of ¢*(x)¢(y) with Q(x, y), which we therefore name quantum point spread function (see figure 2).
Equation (4) moreover shows that the probability p;,, can be expressed by a continuous function s(z) evaluated at
discrete positions, p;,, = s(ia; + ). By repeating the experiment for various offsets ¢ one effectively samples

We note that ), R R » = I dueto continuum states and detection efficiencies 1), < 1. Yet our measurement model can be easily
extended to a proper posmve operator-valued measure by associating the operator 1 — >=; R, _R;, » with the loss measurement outcomes.
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this pseudo-probability s(z), which shall be called signalin the following. For practical calculations, one can
spectrally decompose the qPSF and finds that the signal s(z) equals an incoherent superposition of 1D

convolutions of the pre-measurement state with the back-propagated Wannier states | x,,) = frﬁJ|w§0):

2
5@ =Y m, | [dnie - 0o |, ®)

where 7 denotes the parity operator. As a side remark, the quantum dynamics during the ramp is non-adiabatic
such that 7| x,,) does not coincide with the corresponding Wannier state of the shallower lattices of the ramp.

3. Extension of the qPSF theory to many-body systems

In the following, we extend the qPSF theory to many-body systems by first inspecting the case of distinguishable
particles, then discussing single-shot measurements of indistinguishable particles, and finally deriving the
relationship between the ensemble average of such single-shot measurements and few-body correlations.

3.1. Single-shot measurements of distinguishable particles
In order to extend the qPSF theory to many-body systems, we make the following assumptions: (i) as in the
single-particle case, we assume that all external traps but the pinning lattice are either switched off or negligible
during the full measurement protocol. (ii) Moreover, we assume that the inter-atomic interactions are either
switched off by means of a Feshbach resonance or negligible during the full measurement protocol. (iii) Finally,
we regard the fluorescence imaging of the pinning lattice sites to be a pure one-body process, i.e. neglect
few-body effects such as loss via light-induced collisions [4, 5]. The latter approximation is valid, if the
pre-measurement atomic density is so low that the likelihood of finding more than one atom in a pinning-lattice
site after ramp-up is strongly suppressed.

Under the above assumptions, an N-body system in the pure” pre-measurement state |) evolves into the

state US)® W ® U;N) |¥) during the ramp-up of the pinning lattice with given phase offset . Here

Uy) =T exp[—i/7 j(; i dr hA;K)(T)] denotes the single-particle time-evolution operator acting on the xth
particle.

Since the fluorescence imaging is modeled as a single-particle process, we can directly transfer the positive
operator-valued measure for the single-particle case [see equation (3)] to the many-body realm and obtain for
the probability to detect the 1st, 2nd, ..., Nth particle in the pinning-lattice site 7, i,,..., in, respectively:

B(ip..in) = (UM @ .. oMY

e i V) ©)
where Z\;Ili't = [U; IQ,-:: wﬁiﬁwﬁw]w (the bracket [...]*” shall indicate that the whole operator acts on the xth
particle). Note that for a fixed phase the probability 3°; P, (i) < 1due to the possibility of detection efficiencies
being smaller than one. Making use of the translation symmetry of A;Il(r; as in the single-particle case, we may
express equation (6) as

By (i, 5in) = dex % V) Qn(z — X, 2 = VYY) lemiar+ > @)

where the spatial positions of the N particles are abbreviated as x = (x;, ..., xy) and the integrals are taken w.r.t.
all particle coordinates, i.e. dNx = dx; dx,...dxx. Moreover, the pinning-lattice sites, in which the particles are
detected, are abbreviated asi = (iy, ..., in) and U (x) = (x;,...,xn|P) refers to the position representation of the
N-body pre-measurement state |¥). Finally, the N-body qPSF turns out to be the N-fold product of the one-
body qPSF derived for the single-particle case in the previous section:

N
Qv y) = [T QG 3)s ®

r=1

where Q(x,, 3.) = (—x. |Z\;IO($)| — 1,.)- Thereby, we obtain the N-particle post-measurement distribution P(ij,

..., iy) for a given pinning lattice phase offset ¢ by evaluating the signal function
S@) = [a% d% P Qu( - x, 2 — Y)U() ©)

atthe discrete positions z = ia; + ¢,i.e., P,(i) = S(ia; + ). Repeating the N-body measurement for various
phase offsets ¢ effectively means sampling from the pseudo-probability S(z).

7 . . . .
The extension to mixed pre-measurement states is straightforward.

4
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3.2. Single-shot measurements of indistinguishable particles
Next, we concentrate on the special case of N indistinguishable particles. In this case, the outcome of a single-shot
measurement is a pinning lattice occupation-number histogram (,, ..., n;) = n, where n; denotes the number of
particles found in the ith lattice site, i = 1,..., Land L refers to the number of lattice sites. Here, we have in particular
few-body situations in mind, where one can easily probe the full distribution of the N particles in the pinning lattice.

Obviously, the N-body qPSF Quf(x, y) remains invariant under simultaneous permutation of the particle
labels in both x and y. Given a system of indistinguishable particles, the probability equation (7) does not depend
on the concrete particle labeling but only on how many particles are found in a certain site. Taking this
combinatorically into account, one finds for the probability of the histogram n for a given phase offset ¢

N!

By(ry,..omy) = P B, (in), (10)
n;.

i=1
where i,, denotes some N-dimensional lattice-site index vector, which features #,-times the entry rwith r = 1,
..., L. We remark that while equation (10) describes the (within the considered measurement model) correct
probability of detecting the histogram n given the number of particles Nand the phase offset ¢, these
probabilities do not sum up to unity in general when considering all conceivable histograms n with N particles.
In fact, the probability for not detecting all N particles in the pinning lattice due to the occupation of higher
bands with detection efficiencies smaller than unity or continuum states after ramp-up (see equation (3)) reads
1= 3N P,(n), where the sum 3, runs over all histograms n with Z,-Lzl n; = N.

3.3. Ensemble averages over single-shot measurements and few-particle correlations

Having taken many single-shot measurements of identical copies of the many-body system, one may evaluate
the corresponding ensemble average of certain n-particle observables. In classical absorption imaging of atomic
samples for instance, one obtains the reduced one-body density by averaging the spatial particle number
distributions of many single-shot measurements. Density—density correlations can be inferred from absorption
images by averaging the product of occupation-number fluctuations at two spatial positions over many single-
shot measurements. Here, we stress that in classical absorption imaging the average of an n-particle quantity
over many single-shot measurements is directly connected to the pre-measurement reduced n-body density
matrix, whereas in the case of the quantum gas microscope measurement protocol pursued in this work, this
relationship is more complicated in general and shall be derived here.

First, let us derive the probability p}’(r) to find an atom in the pinning-lattice site rwhen averaging over
many single-shot measurements with the same phase offset ¢, i.e. many different histograms n distributed
according to B, (n). Using equation (10), we find

Oy=S""p
0= 3 TR
= Z M y P, (in)- (11)
n|N Hi¢7 nit ny!

Apparently, only histograms n with 1z, > 0 contribute to p" (r). Substitutingn = m + e,, where m denotes an
@

arbitrary (N — 1)-particle histogram and e, an occupation number vector with all components zero except for
the rth one being set to unity, one obtains

L (N—=1D!_ .
pE )(T) = } _ch(lere,)' (12)
i m;!
m|N—1 i 1
Next, we rewrite the summation over (N — 1)-particle histograms as a summation over N — 1 lattice site
indices

L
B0 = 3 B i) )

ig,..,in=1

o ()

Abbreviating, K, = i IZ\;I,-(;Z), we finally obtain

PO = (UM © RP® ..ok |v). (14)
Since particles in higher bands or continuum states after the pinning lattice ramp-up are not detected, I%;K) =1
and thus pg)(r) is not given as the expectation value of a one-body observable. So the one-particle quantity
p;l) (r) may depend on up to N-particle corrections and cannot be represented as the trace of a one-particle
observable times the pre-measurement reduced one-body density operator in general, which is in contrast to the
case of absorption imaging.
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Our simulations, however, show that the probability to populate higher bands or continuum states by the
pinning lattice ramp-up is negligibly small for suitably chosen experimental settings (see the discussion onthe

impact of higher bands on the qPSF in Appendix, especially table 1). Under these circumstances, K, effectlvely
acts as the identity operator on the th particle in |¥) and we obtain the relation
D A
PO = v p) = [dxdy QG = % 2 = A6 Plecrarr (15)

where p,(x, ) = (x|p,|y) denotes the position representation of the pre-measurement reduced one-body
density operator p,, which one obtains from the pre-measurement many-body state by a partial trace over all but
one particle, p; = tn(|¥) V).

Similarly, one can derive the corresponding expressions for the ensemble average of an n-particle quantity
withn > 1 over many single-shot measurements. Here, we only explicate this relationship for the case n = 2,
i.e., the probability pg)(rl, r,) to detect a particle at site r; and another particle at site r, in the ensemble average:

2) _ Ny Ny — 6717’2
P¢ (1'1, Tz) - Z e

—— 12D (n).
D N (16)

Similar manipulations as above can be applied and one arrives at

L

pLZ) (rlr Tz) = Z P\,a(rb 1, i3:~-~;iN)

i3,...,iN=1

= (UM, @ M2, @ R @ RSV ).

nse ™y

17)

If the population of higher bands and continuum states after the pinning-lattice ramp-up may be neglected, we
end up with

1) ) 4
PP (n, 1) = (M, @ My, p)

= dex dz)/ QZ(Z —X,Z— Y)Pz(X, Y)|z=ra1+p> (18)

where r = (1, 1) and p,(x, y) denotes the position representation of the pre-measurement reduced two-body
density operator p,, which one obtains by a partial trace over all but two particles, p, = tr(|¥)¥|). We remark
that sampling of high-order correlations is statistically more intensive. If, however, the system possesses some
symmetries, a proper pre-processing of single-shot images [25, 26] will decrease the total experimental effort for
accessing higher-order correlations.

4. Reconstruction algorithm

Inverting the relationship equation (4) or equation (15) is quite a difficult task: deconvolution in general is an ill-
posed problem and, moreover, we have to cope with the intriguing situation that the measurement signal s(z)
constitutes only the diagonal of the 2D convolution (Q * p,)(z, Z'). A scheme for measuring the off-diagonal
elements of the reduced one-body density matrix has recently been proposed [27], but the feasibility has yet to be
demonstrated. By scanning over different lattice ramps we find for suitably chosen Vrand Trthat the real part of
the qPSF Q(x, x’) acquires a dominant diagonal pattern with a fast decay of the off-diagonal elements, while the
imaginary part is significantly smaller [see figures 2(a), (b)]. This motivates us to express the signal s(z) asa 1D
convolution of the one-body density p(x) = p;(x, x) with some yet unknown 1D filter g(x):

s@) ~ [dxqz — 0o = @+ P (19)

However, it is a priorinot clear, whether such a filter, which is independent of the underlying density, exists and
ifit does, how to obtain it. Yet, if one has found such a filter, equation (19) allows for applying established
deconvolution algorithms for obtaining the pre-measurement density p(x). Making the most obvious choice by
taking the diagonal of the qPSF, g(x) = Q(x, x), turns out to be numerically unstable and inaccurate. To
compensate for the complexity of the 2D convolution, this diagonal needs to be readjusted. To this end we call
upon a machine learning approach.

4.1. Step 1: Multi-frame filter

Inspired by the multi-frame deconvolution technique, which is applied, e.g. in astronomy [28], we pursue the
following machine learning approach to learn the unknown filter g(x). Our training set consists of a small number
n, of one- and many-body states with known (reduced) one-body density matrix p( )(x, ¥), k = 1,...,n.. For each
training sample, we calculate the corresponding measurement signal s*(z) by the full 2D convolutlon with the
exact QPSF Q(x, y) (see appendix C). Recall that Q(x, y) depends only on the ramp parameters and not on the

6
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physical sample. Then we estimate each signal s*'(z) as a 1D convolution of the corresponding densities
p®(2) = pP(z, z) with the same density-independent filter q():

s0@) = (PP * Q(z, 2) = (pP * 9)(2). (20)

Except for being space invariant®, no further priors are imposed on g, because it has no physical interpretation
and is rather a mathematical tool. Thus, while the densities of the training set vary from signal to signal, the same
filter g is common to all signals. Each of them provides additional information on ¢, thereby restricting the space
of possible solutions.

As to the choice of training samples we create a random selection of five dark soliton samples with different
healinglengths £ €10, ...,40] x 10~ ®minabox oflength L, € [3/4, ...,10/12] L with L;being the pinning
lattice extension as well as a random selection of five harmonic oscillator (HO) samples with trapping frequency
w € [200, ...,800] x 27 Hzand excitationlevel n € {1, ...,10} (see appendix). We explicitly include only
uncorrelated states as samples in order to also test the performance of the learned filter g on signals stemming
from unseen densities of correlated many-body states later on.

Then, we define a total loss function £, which describes a deviation between the true signals s and their
approximations p'© x g, aleast squares problem:

n, n
min £(q) = min - > fdzls(k)(z) — (p® % g)(2)> ~ min 1 >Is® — AR gP?, (21)
q 4 N q M

where in the last step we switch to a numerical grid with s and q being (L 7/A ¢)-dimensional vectors and A®

denotinga (L7/A ¢ x Lw/A ¢)Toeplitz matrix, which represents a 1D discrete convolution with zero padding
and limited support. L corresponds to the the number of lattice sites and 7/A¢ € N to the number of grid
points per lattice site (sampling rate).

To find the filter g, that is most likely to have created the observed distortions in the signals, we perform the
gradient descent algorithm in batch mode, meaning that we take into account all the frames simultaneously. We
find that a small amount of samples is sufficient to obtain a well-performing filter. Thus, we do not need to resort
to more memory-efficient optimization algorithms such as stochastic or mini-batch gradient descent.

In each iteration step m € Ny the filter is updated such that we follow a path towards the minimum of £ by
taking a direction of negative gradient V £. As initial guess we take the diagonal of the gPSF qg = Q(x, x) and
then iterate

Q1 = 4, — BVL(,), (22)
where the gradient of the loss function reads:
VL@, = -0 249 (Abg,, — s©), 23)
Mt k=1

The step size or learning rate 3 can be optimally calculated (accurate line search) for each iteration step as
B = argmin L(q,, — BVL(q,,))
8

1 Y (AR — 0 AP AR (ARG, — sb)

-5 T T T T T : 24)
2 Zk (q,, A®T — s®7 AW AR AR AR ( A(k)qm — s

Finally, we iterate until the relative change in the total loss function reaches some threshold. Figure 2(c) depicts
one such filter for Vy = 200E,, Ty = h/E,, L = 33and /A ¢ = 33.

4.2. Step 2: Deconvolution

Now that we know the filter g we can invert equation (19) for several unseen cases s(z) to obtain the pre-measurement
density p(x). To this end a large toolbox of deconvolution algorithms exists, but these should be applied with care,
since the problem is ill-posed and the best algorithm is usually determined by a comparative study.

During the image acquisition by microscopes in molecular biology [29] or telescopes in astronomy [30]
multiple degradation sources can distort the true form of the object: noise, scatter, glare and blur. The blur,
caused by the passage of light through the imaging system, leads to a non-random light redistribution and poses
afundamental limitation to the imaging system. The recorded image is usually modeled as a convolution of the
object with a filter, also known as point spread function (PSF). There exists a variety of methods to reverse this
process and retain the original object, called deblurring or deconvolution algorithms [31]. They can be classified
as inverse (Wiener-Deconvolution [32]) or iterative (Van-Cittert [33], Lucy—Richardson [34, 35], Steepest

Space invariance of filter g implies that the same filter is used for calculating every point of the convolution. Space-variant filter would be
altered for different regions of the convolution.
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Descent [36]); with prior knowledge of the filter (non-blind deconvolution) or completely unknown (blind
deconvolution [37]); imposing priors such as non-negativity and smoothness or without them; modeling
potential noise sources or neglecting them; using a single frame or a batch of sampled frames (multi-frame
deconvolution [38]).

For our case we require an iterative approach, as these algorithms are more stable and provide a better
restoration of degraded resolution, although at the cost of longer computation times. Since we obtained the filter
in the previous subsection it should be non-blind. The density we are trying to reconstruct is positive and
normalized, so corresponding constraints must be enforced, but otherwise no further priors are necessary to
impose. We also neglect all sources of noise’ and the measurement signal is considered as a single frame.

To deconvolve the signal with the trained filter we apply a slightly modified version of the previously
described gradient descent algorithm with line search. Namely, we additionally impose the non-negativity and
the normalization constraints by replacing the density by its absolute value normalized to unity in each iteration
step (see [39]).

The downside of our reconstruction algorithm lies in the fact that it is not clear to which extent the
reconstructed density resembles the original density, when the original one is not known, which is the case in an
actual experiment. This is a long standing problem of machine learning and deconvolution algorithms in
general. Nevertheless, even in the current state a self-consistency check provides a good measure on the quality
of the reconstruction procedure: if the reconstructed density is close to the genuine one, it will reproduce the
measured signal with a high fidelity when convolved with the previously learned filter. Although itis only a
necessary condition, it lies at the core of the majority of deconvolution algorithms, which are frequently used in
many scientific applications, where imaging is involved, ranging from astronomy [28] to biology [29].

5. Applications

We showcase the performance of our qPSF approach and reconstruction strategy using four physical example
setups (see figure 3): excited harmonic oscillator eigenstates featuring a rapidly oscillating density, two identical
bosons with infinite repulsion in a harmonic trap [40], BEC with a soliton excitation and a Fermi polaron inside
abox potential. For details on the implementation of these systems see appendix B. The examples are chosen to
cover a broad range of different situations: single particle, weakly- and highly-correlated few-body physics
confined either in a parabolic or a box trap.

The deconvolution uses a multi-frame filter g [see figure 2(c)] trained with a random selection of sample
densities of the harmonic oscillator example and a dark soliton in a small BEC. We find that applying it to the
unknown signals from the two-Boson and Fermi polaron problem yields very good results, emphasizing the
power of the method. We stress that we learn the multi-frame filter from single-particle and mean-field cases
and then apply it to the unseen situations, which involve correlated many-body states.

The insets in figure 3 show the genuine single-particle density p(x), the measurement signal s(x) and the
deconvolved signal p(x) for different physical examples. In all cases the structure of the genuine density is
washed out in the measurement signals, but almost completely recovered by the reconstruction. In particular,
we recover all of the many oscillations for the harmonic oscillator with their full original contrast [figure 3(a)].
Similarly, in the two-Boson example, the deconvolution successfully reproduces the original density although
the two humps have almost merged into a single one in the measurement signal [figure 3(c)]. The soliton depth is
restored, while the background constant density remains intact [figure 3(b)]. In the Fermi polaron example,
both the sharp dip in the center of the trap and the Friedel oscillations around it are fully recovered in the
deconvolved signal, although they seemed to be lost in the measurement signal [figure 3(d)]. These examples
showcase the power of the reconstruction method using the previously learned filter g.

To judge on the quality, we introduce a dissimilarity measure between two normalized functions gand h as

D(g ) = llg — b = 5 [dx lg(0) — heol. (25)

It takes a value of zero for coinciding functions and increases up to one as the absolute deviation becomes more
pronounced. Further, we define the dissimilarity between the measurement signal'® s and the genuine density p
as Dy = D(s, p) and the dissimilarity between the reconstructed density p and the genuine oneas Dy = D(p, p).
In figure 3, we show how this dissimilarity depends on the typical structure size o of the genuine density. For
structures that are large compared to the lattice spacing (o > 24y), the dissimilarity D is negligible both for the

For practical applications a low-pass filter is applied to smooth out spatial fluctuations in the measurement signal due to the atom shot
noise.

10 . . . . . . .
s(z) is in general not exactly normalized due to the small particle losses induced by the chosen modeling of quantum efficiencies. We
normalize it to unity for the dissimilarity analysis and the deconvolution procedure.
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Figure 3. Four different physical example situations demonstrating the performance of the multi-frame filter. (a) n = 10 excited
eigenstate of the harmonic oscillator for a varying trapping frequency (inset shows w = 27 x 35 Hz). (b) Dark soliton for a varying
healing length (inset shows ¢ = 55 x 10~® m) (c) Ground state of two indistinguishable bosons with infinite repulsion in a harmonic
trap with varying trapping frequencies (inset shows w = 2w x 410 Hz). (d) Fermi polaron, i.e. few fermions in a box with a
O-potential at the origin for N = 12 particles and varying box lengths Lj, (inset shows L, = 12a,). All examples are for the case of 87Rb
atoms in a lattice with ) = 532 nm. The insets show the genuine density (black dashed line) along with the measurement signal after
freezing the distribution with alattice ramp to Vy = 200E, in Ty = %/E, (blue solid line) and the deconvolved signal using the multi-
frame filter (red dotted line). The structure size to lattice-spacing ratio equals o/a; = 1.0 for all insets. For the chosen examples, the
measurement signal has clear distortions from the dynamics during the ramp-up, which are, however, removed by the reconstruction.
The main panels show the deviations [equation (25)] of the measurement signal D (blue solid line) and the reconstructed density Dy
(red solid line) from the genuine singe-particle density as a function of the structure size (see appendix B for definitions). The
resolutionis A x = (1/33)ay.

measurement and the deconvolved signal. When the structures are on the scale of the lattice spacing, the
measurement signal starts to deviate due to the dynamics during the ramp-up of the pinning lattice. The
dissimilarity of the deconvolved signal, however, remains negligible due to the successful deconvolution. Only
for structures smaller than about half the lattice spacing (o < 0.54;), we observe an increase of Dy, indicating the
limitations of the method. Using the deconvolution via the qPSF, we can therefore shift the accessible structure
sizes from about 24, to about 0.54; for bosonic examples and from about 24, to about 1.04; for the fermionic
system, which is a significant improvement that is crucial for many physical examples in quantum gas physics.
The reason of fermions being less susceptible to our reconstruction (the humps in D, in figure 3(d)) is probably
related to the Pauli principle and the incommensurability of the underlying density structure to the lattice
constant reminding of the pinning phase transition [41]. The bosons are apparently not affected by this effect
[figure 3(c)] due to interactions being switched off right before the pinning procedure starts.

In the above examples we ensured that the results are converged with respect to the grid spacing and assumed
the signals to be free from atom shot noise. However, for the experiment it is paramount to know the actual
amount of effort involved for a reliable density measurement: for uncorrelated many-body states, we empirically
found (see appendix) that the minimum number of the phase shifts amounts to 11, while the minimally required
number of single shots per phase offset is approximately 5 x 10°/Nwith Nbeing the number of particles''. Such
large numbers of images are feasible with current quantum gas technology, e.g. 20 000 realizations were
obtained in [42] and 38 000 realizations in [43]. The effort can be further reduced by realizing an ensemble of 1D
systems in a 2D lattice array. Furthermore, due to singe-atom sensitivity of the quantum gas microscope one
obtains a large signal from each atom during the fluorescence imaging. Thus, the common white noise of
classical imaging systems, which makes the deconvolution much more challenging, is absent in our case. After
identifying the occupations on the lattice, the images have no further noise.

" The signal needs to be preprocessed before the reconstruction algorithm by applying alow-pass filter to smooth out the data.

9
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We remark that our reconstruction scheme with the current filter g is expected to reliably work only in trap
geometries involving a combination of a harmonic trap with a box potential, since the learned filter g is biased by
our training set. The use of prior knowledge is necessary in order to constrain the space of solutions for solving
the otherwise ill-posed inverse problem. Although we demonstrated that it generalizes well to correlated
situations under the same trapping, another trap geometry requires to learn a different kernel g with the
corresponding training examples. For cold atom systems that we consider here, the trapping potentials can be
arbitrarily shaped and are thus completely known within an excellent approximation.

6. Outlook

Our work opens the research direction of high-resolution imaging with single-atom sensitivity also for trapped,
i.e. non-lattice systems. We propose to apply a pinning lattice for imaging and to sample the reduced one-body
density with a resolution below the lattice spacing by performing repeated measurements with shifted positions
of the pinning lattice relative to the physically trapped system. We have shown that density distortions resulting
from the dynamics during the ramping up of the lattice can be compensated by deconvolution with a trained
filter for a wide range of parameters. Our findings are of immediate relevance for ongoing quantum gas
microscope experiments. A reliable measurement of small density structures will allow accessing new regimes
and imaging of the corresponding physical processes such as the shape of a vortex core taking into account
beyond mean-field effects [44] or discrete few-body structures in arbitrary traps. For simplicity, we have focused
here on one-dimensional systems, but our framework equally applies to higher spatial dimensions. Further
extensions of our work would be the fate of correlation measurements [26], in a single-component ultracold gas
as well as mixtures, and blurring effects in the measurement of the dynamics. Another important aspect is the
imaging after release from a driven system, e.g. for producing artificial gauge fields [45], where switching off the
drive can induce further effects. Releasing from lowest Landau levels yields a self-similar expansion of the wave
function [46], which could be used before freezing the distribution.
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Appendix A. Numerical procedure to obtain the quantum point spread function

According to equation (4) of the main text the qPSF is an operator Q = 3_,, 7, | X, )X, with [x,) = ﬁlAJO+|W(§‘;'0).
Therefore, we have to calculate the Wannier state |wg,) of the band cvat site i = 0 for the pinning lattice with the
final potential depth Vyand phase offset ¢ = 0 and propagate it with the time-evolution operator

UOT = Texp(—i// fT ? d7 ho(7)), which describes the lowering of the pinning lattice from Vto zero depth.

Finally, the parity operator 7 is applied to reformulate the measurement signal in terms of a convolution.

The Wannier states are obtained by representing the position operator % in the basis of ho(T;) and then
diagonalizing it. Afterwards, we set a band limit ... Modeling the detection efficiencies 7),, for energetically
high lying bands, however, is more involved as these depend on both the tunneling and fluorescence imaging
time scale. The tunneling rates grow exponentially with the band index, such that they can be divided into
tunneling and non-tunneling bands within the fluorescence imaging time to a good approximation. For the sake
of simplicity, we therefore assume that all (bound) bands lying energetically below Vrare detected with unit
detection efficiency, meaning 7, = 1 V & < Qmay, and 7, = 0 for the continuum states, since atoms in these
states are not pinned during the fluorescence imaging. As a consequence, this model does only give alower
bound on the loss in the measurement signal [equation (C.4)] due to unobserved channels. We use a lattice
containing L = 99 sites with 33 grid points to resolve each site, unless stated otherwise, while the potential depth
is varied in the range V; € [50,...,300] E,.

The back-time propagation of relevant Wannier states is performed with the Multi-Layer Multi-
Configuration Time-Dependent Hartree for bosons (ML-MCTDHB) approach [47, 48] to obtain |x,,). The
ramping times cover Ty € [1,...,9] /2 /E, and the ramping protocol V(¢) is a logistic function of sigmoid form:

10
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Figure A2. Spatial representation of the qPSF for ramping parameters V;y = 200E, and Ty = h/E, (a,b) and V; = 50E,and Ty = 9
1/E, (c, d). The figure shows the real part (a, ¢) and the imaginary part (b, d).

-1l (A.1)

with amplitude V., = Vi/(1 — 21), shifty = T¢/2, steepness % = % In (%) and offset Ve = Vinaxn)- The
7 parameter ensures that V(Tp) = V;does not deviate much from the saturated value Vy,y. Withn = 1072 fixed,
Tralone determines the adiabaticity of the ramping protocol (see figure A1).

In the case of an adiabatic preparation of many-body ground states in optical lattices, such as the bosonic
Mott insulator, the optimal shape of the ramp function has been extensively discussed [49]. In contrast, for
pinning the distribution on the lattice in quantum gas microscopes, simple s-shaped ramps have proven
sufficient [4, 5]. We note that in our setting, the dynamics during the ramp will be strongly non-adiabatic in
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order to avoid aloading of the ground state of the lattice, but freeze the atoms in their original position.
Therefore, we expect that the precise shape of the ramp should not be important.

We show the real and imaginary part of the spatial representation of the qPSF Q(x, x') = (x| Qlx’ )fora
quick ramp Ty = h/E, with a deep lattice Vy = 200E, and for a slow ramp Ty = 9 h/E, with a comparatively
shallow lattice V¢ = 50E, (figure A2). In the first case we observe a diagonal pattern in the real part with a fast
decay of the off-diagonal, while in the second case the real part displays a Gaussian profile with the imaginary
part being suppressed by an order of magnitude. Both cases are rather localized around a small region of
approximately 54;. The diagonal pattern can be induced and enhanced by choosing deeper lattices, meaning that
higher bands are responsible for this effect, although by successively adding bands for the qPSF calculation we
found that approximately only the first half of the bands vy, is responsible for the pattern formation. Going to
ramp times beyond Ty = 9 i/E, requires large lattices with more than L = 100 lattice sites, because the Wannier
states, propagated back in time, almost reach the boundaries of the grid.

The qPSF has no direct relation to the classical PSF of the imaging system with finite numerical aperture NA,
which is used for the fluorescence imaging after the pinning of the atoms. Aslong as the NA is large enough to
allow for a reconstruction of the lattice occupation (typically NA = 0.6-0.8), it drops out of the problem. If one
repeats the measurement with varying positions of the pinning lattice with respect to the initial system via the
displacement by ¢, even the lattice constant a) does not pose a fundamental limit to the resolution. In the
numerical examples a sampling with resolution 0.03a; was used and similar relative positioning of 0.1a; between
the pinning lattice and further traps were reported experimentally [50]. The distortion from the dynamics
during ramp-up, which is captured by the qPSF and is relevant for structures on the order of ay, is therefore the
fundamental limitation on the resolution. The reconstruction algorithm described in the main text can then lead
to density measurements with a resolution even better than a;. We additionally verified that a sampling rate 0.14;
is enough for a successful reconstruction (see appendix D).

Appendix B. Examples of application

For the numerical implementation we make use of recoil units x, = 1/k;, E; = 4% /(Q2m), T, = % /E, with
the wavenumber k; = 27 / A of the laser beam of wavelength \; = 1064 nm to create the lattice potential and m
being the mass of the trapped particles, here *’Rb. Thelattice constantis ) = /2.

B1.Harmonic oscillator (HO) eigenstates
1 1 1 x x?
Pu(x) = —H,| — |exp| — , (B.1)
! n!2" W Gho " ho P zaﬁo

where ap, = ,/ mj—; the harmonic oscillator length, w the frequency of the trap and # € N the excitation level. To

characterize the structure size of the HO modes with respect to the lattice we consider the variance of the position
operator divided by the number of peaks in the density profile o,,/a; with o, = n;ﬂ ((aloc®th) — (alltf)2)' /2.
The HO example is used for training of the filter.

B2. Dark soliton

We prepare a dark soliton within the mean-field approximation placed in a reflection-symmetric box with an
extension Ly, smaller than that of the pinning lattice L, = L a;. We position the soliton in the center of the box and
ensure that it is sufficiently separated from the walls:

—cltanh(“b/}%) it 2 cxc -1y iog
Px) =12 tanh(\/_%g) if — % + 10§ < x < % — 10¢, (B.2)
Lp/2 —x), .. Lp Ly
¢3 tanh( NeT3 ) if 5 10€ < x < Y

where the prefactors ¢; are chosen such as to ensure the continuity and the normalization of the wave function,
¢ = 1/[8mpa is the healing length of the condensate, a,, the scattering length and p the constant background
density. The structure size is chosen as o /a; = 2&/aj, which is approximately the full-width-at-half-maximum
of the soliton profile. The soliton example is used for training of the filter.
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B3.Impurity in a Fermi sea

We put N spin-polarized fermions in a reflection-symmetric box of length L;, < L. A stationary impurity
positioned in the middle of the potential acts as a repulsive delta-potential of infinite strength, inducing a density
profile of fermions similar to that of a soliton, but with an oscillatory background. The eigenstates have a defined

parity:
even ﬂ-]
P7x) = /L—b sm( L le), (B.3)
Y0 = |2 sin 2 (B.4)
! VL L, ) ’

The density operator for an even number of fermions is then given by a mixed state

N/2

b= I[ZWJMH even| i Zl,l/)odd odd ] (B.5)

Here, the structure size is assigned by an average extension of a peak in the one-body density
on /a1 = (Ly/N) /a;. We observe an oscillatory behaviour of D;below oy /a; < 1.0 with a higher oscillation
period for an increasing number of fermions (not shown). We believe that the Pauli exclusion principle and the
commensurability of the density with respect to the lattice are responsible for this effect.

B4. Two bosons with infinite repulsion in HO

The highly correlated problem of two bosons trapped in a harmonic trap and interacting with each other viaa
delta-potential of infinite strength can be solved analytically in the relative frame [40]. By transforming the
solution back into the laboratory frame and tracing out one of the coordinates one obtains the following
one-body density matrix:

3 2042 2 > .f
o y) = Levareay J8Co 0 X<y - (B.6)
gy, x) ify <x
glx, y) = (xy + 2—)(erf(hx) —erf(by) + 1) + b et _ by (B.7)

and b = 1/ay,. The correlated two-body system requires the full 2D convolution to create the signal, which is
cumbersome to achieve on a large grid with fine resolution. So we consider very large trapping frequencies and
reduce the grid to L = 33 lattice sites. The structure size is defined similar to the HO case: o/a;

with 0% = fdxp(x)x2 — (fdxp(x)x)z.

Appendix C. Simulation of the measurement signal

In the most general formulation the distorted signal s(z) can be obtained directly via a 2D convolution of the one-
body density matrix p,(x, x’) of the initially prepared system (appendix B) with the kernel Q(x, x’) (appendix A):

s(z) = Tr{T Q% T Pt =(p * Qz, 2) = f dxdy p,(x, »)Q(z — x, z — y). (C.1)

However, the (L - m/A @) x (L - /A ¢) matrices lead to approximately (L - m/A¢)* numerical
operations, which renders the direct calculation inefficient for large lattices with fine resolution. One way to
circumvent this issue would be to make a smaller support for the density by confining it more tightly and for the
filter by defining a cutoff, when the amplitudes drop below a certain value. Here, we just verified that a spacing A
x = (1/33) ay provides converged signals by doubling the site resolution.

Independently of the above statements we can reduce the numerical effort to o<(L - 7/A¢)?, namely for
weakly correlated systems the spectrally-decomposed one-body density operator has a finite number of natural
populations A, with considerable weight:

P = Z MERICAR (C.2)

with |¢, ) natural orbitals. Inserting this relation and additionally the expansion of the gPSF into equation (C.1)
we obtain the signal as a sum of 1D convolutions of the natural orbitals ¢., with the ‘band’ filters X :
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Tmax Xmax

S@ =3 > MmO * )P

y=1a=1

(C.3)

There is another important point worth mentioning, namely the padding. Since we are working with finite
systems, a convolved function spans a larger region than the input functions. Thus, we need to provide values for
chosen densities outside the grid and padding with zeroes is the most natural choice for trapped systems, while
periodic padding would be suitable for ring geometries. Also, we ensure that the distortion of the signal does not
reach the boundaries of the grid.

For a given lattice realization, meaning fixed Vi, Trand phase ¢, the signal s(z = i - a; + ) with spatial
sampling period a; sums up to unity only when7,, = 1V o, because 13,;1@,-;99 then forms a positive operator-
valued measure. In our case, neglecting continuum states lying energetically above Viresults in a particle loss €2.
In otherwords, 2 = 1 — Zle s(i - a1 + ) is the probability of finding a particle in none of the sites, but in the
unobserved channels. Averaging over multiple lattice realizations ¢ € {0, ..., 7} we can estimate the mean
particleloss { expected for the given pre-measurement reduced one-body density p;:

- 1 pr Lo,
Q(Vbe)M):l_;L de > s@i- a1+ ).

i=1

(C4)

In table 1 we show the average loss {2 for densities and ramp-up parameters discussed in the main text, which
is indeed very small and has a tendency to decrease for larger structures.
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Figure C1. Impact of the sampling rate A ¢. Notation is the same as in figure 3 except for the resolution A x = (1/11) ay.

Table 1. Average particle loss Q(V;, T, py) for the
densities, discussed in the main text and different structure
sizes o (see appendix B) relative to the lattice spacing. The
ramp-up parametersare Vy = 200E,and Ty = h/E,.

Structure size o/a;
0.5 1.0 2.0
HOn =10 0.030 0.014 0.013
P Two-Bosons 0.021 0.015 0.014
Fermi polaron 0.033 0.031 0.017
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Appendix D. Experimental effort

The experimental effort scales linearly with the number of lattice shifts and we study the impact of the sampling
rate A ¢ on the quality of the reconstruction. Naively, one would under-sample the signal s and the filter g,
which we trained on a fine grid with Ax = (1/33) 4}, and apply a deconvolution step from our reconstruction
algorithm. However, the procedure does not apply. Instead one needs to learn a different kernel g for each

A¢ provided a set of correspondingly under-sampled converged signals. By comparing figure 3 to figure C1 we
conclude that the quality of the reconstruction does not degrade when the sampling rate is decreased by a factor
of three. Reducing the sampling rate by another factor of three (figure D1) provides still a reliable reconstruction
for typical structures sizes around /g, &~ 1.0 and above.

Next we consider the robustness of our protocol against atom shot noise. For demonstration we choose the
harmonic oscillator example with the sampling rate A ¢ = 7/11. We simulate the measurement of a single
harmonically trapped particle #1g,, times for each phase-offset ¢;. The total number of measurements is thus
11 - fghor. The probability to loose a particle during the measurement is included. Then, we take the ensemble
average of the individual measurement signals and spatially smooth out the data with alow-pass filter. Finally,
we apply the reconstruction algorithm on the resulting signal with the filter g trained on signals without shot
noise. From figure D2 we estimate the necessary number of single shots to be approximately 5000. More
particles would reduce the effort by 1/Nif they are uncorrelated, whereas for a correlated few-body system the
decrease of the effort with the number of particles is not obvious.
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Figure D1. Impact of the sampling rate A ¢. Notation is the same as in figure 3 except for the resolution Ax = (1/3) a,.
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Figure D2. Atom shot noise simulations for the n = 10 excited eigenstate of the harmonic oscillator. The insets (w = 27 x 35 Hz
corresponding to o,,/a; = 1.0) show the genuine density (black dashed line) along with the ensemble averaged measurement signal
after freezing the distribution with a lattice ramp to V¢ = 200E, in Ty = //E, (blue solid line) and the deconvolved signal using the
multi-frame filter (red dotted line) trained on samples without atom shot noise. (a) 50 (b) 500 (c) 5000 (d) 50 000 shots per phase
offset. All examples are for the case of ’Rb atoms in a lattice with a, = 532 nm consisting of L = 99 lattice sites and the sampling rate
is A ¢ = (m/11). The main panels show the deviations [equation (25)] of the measurement signal without shot noise D (blue solid
line) and with shot noise D ., (blue dashed line) from the genuine singe-particle density as a function of the structure size (see
appendix B for definitions), while Dy (red solid line) and Dy x,, (red dashed line) show the deviations of the corresponding
reconstructed densities.
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any arbitrary graph may be connected to it without breaking
cospectrality. Also, suitable interconnections between walk
multiplets within a graph are shown to preserve the associated
cospectrality. Importantly, we demonstrate that the walk
equivalence of cospectral vertices u, v imposes a local structure
on every eigenvector ¢ obeying ¢, = *¢, # 0 (in the case
of degeneracies, a specific choice of the eigenvector basis
is needed). Our work paves the way for flexibly exploiting
hidden structural symmetries in the design of generic complex
network-like systems.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Eigenvalue problems of real symmetric matrices are ubiquitous in many fields of sci-
ence. Special examples are graph theory in mathematics as well as properties of quantum
systems in physics. A first step in dealing with such problems is often based on a symme-
try analysis in terms of permutation matrices that commute with the matrix H at hand.
Given a set of such permutation matrices, a symmetry-induced block-diagonalization of
H is possible and powerful statements about the eigenvectors of H can be made [1,2].
The permutation symmetries of a matrix can be conveniently visualized in the frame-

RNVXN s g collection of N vertices

work of graphs. A graph representing a matrix H €
connected by edges with weights H; ;, like the one shown in Fig. 1. Due to this map-
ping between a matrix and the graph representing it we denote both the graph and the
corresponding matrix with the same symbol H. In this graphical picture, the action of
a permutation matrix P corresponds to permuting the vertices of the graph, along with
the ends of the edges connected to them. H is then transformed to H' = PHP~!, and if
P and H commute, PH = HP, then the graph remains the same after the permutation,
i.e. H' = H. In particular, if P exchanges two vertices u and v, while permuting the
remaining vertices arbitrarily, its commutation with H means that the u-th and v-th

row of H coincide, H, ; = H, ; for all j € [1, N] = {1,2,..., N} (and the same for the

2 1
O—@—0—0
3
o1 o 2] 1 1 1 2 [3] 4 2
4 |10 1 0 2 1 2 1 1 3 3 2 4 2
H_1101 H_1131 H_4434
0 0 1 1 1 1 1 2 2 2 4 3

Fig. 1. An undirected, unweighted graph with four vertices represented by a 4 X 4 symmetric matrix H, and
the interpretation of its powers H" in terms of “walks”: The matrix element [H*]; ; counts the number of
distinct walks of length k from vertex ¢ to j, as illustrated for k£ = 1,2, 3.
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u-th and v-th column, since H is symmetric). It can then be shown that the u-th and
v-th diagonal elements of any non-negative integer power of H coincide,

[H*)yu = [H*]yo Yk €N, (1)

and that any eigenvector ¢ of H has—or, if degenerate to another eigenvector, can be
chosen to have—positive or negative parity on v and v [3], that is,

Pu = EPo. (2)

The eigenvector components on the remaining vertices, which are generally not pairwise
exchanged by P, may have arbitrary components. Thus Eq. (2) constitutes a local parity
of the eigenvectors. This property is intricately related to the interpretation of powers
of H in terms of walks [4,3], which are sequences of vertices connected by edges, on the
corresponding graph. For an unweighted graph (having H; ; € {0, 1}), the element [H*]; ;
counts all possible walks of length k from vertex ¢ to j on the graph. This is illustrated in
Fig. 1 for selected walks of length 1,2, 3. With this interpretation, Eq. (1)—and thereby
also Eq. (2)—hold if the graph has an equal number of “closed” walks starting and ending
on u or v, for any walk length k. This is the case, e.g., for vertices 1 and 2 in the graph
of Fig. 1. For weighted graphs (having H; ; € R), the interpretation of matrix powers
in terms of walks is modified by weighing the walks accordingly (see below), with all
corresponding results staying valid.

Interestingly, and in many cases counterintuitively, the local parity of eigenvectors of
a graph, Eq. (2), can be achieved even if H does not commute with any permutation
matriz P, as long as Eq. (1) is fulfilled. Given this condition, the eigenvalue spectra of
the two submatrices H \ v and H \ v, obtained from H by deleting vertex u or v from the
graph, respectively, coincide, and u and v are said to be cospectral [3]. Originating from
spectral graph theory [5], the results of the study of cospectral vertices have so far been
applied to the field of quantum information and quantum computing, but also—under
the term isospectral vertices—to chemical graph theory [6-8]. In a very recent work [9],
cospectral vertices have also been linked to so-called “isospectral reductions”, a concept
which allows to transform a given matrix into a smaller version thereof which shares all
(or, in special cases, a subset of) the eigenvalues with the original matrix.

Given a graph with cospectral vertices v and v, one may ask what kind of changes
can be made to it without breaking the cospectrality. One particularly interesting feature
that occurs for some graphs is the presence of so-called unrestricted substitution points
(USPs), which were introduced in Ref. [8]. Given a graph H with two cospectral vertices
u and v, a third vertex c is an USP if and only if one can attach an arbitrary subgraph
to ¢ without breaking the cospectrality of u and v. While it is a straightforward task to
identify all USPs of a given graph, the origin of these special points has been elusive so
far.

In this work we shed new light on this phenomenon by introducing the concept of walk
equivalence of cospectral vertices u, v with respect to a vertex subset of a graph. In the
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simplest case of an unweighted graph, two vertices u and v are walk equivalent relative to
a vertex subset if the cumulative number of walks from u to this subset equals that from
v to this subset, for any walk length. The vertex subset then corresponds to what we
call a walk multiplet relative to the pair u,v. The smallest walk multiplets, which we call
singlets, consist of a single vertex and are identified with the above mentioned USPs,
and we here demonstrate how to create such points in a systematic way. Specifically,
we show that a graph can be extended via any of its walk multiplets by connecting it
to a new vertex while preserving the cospectrality of the associated vertex pair. This
procedure can be repeated any number of times with different walk multiplets. All the
newly added vertices turn out to be USPs, thus allowing us to connect arbitrary new
graphs exclusively to them without breaking the cospectrality. Additionally, we show
that one can also alter the topology of a graph without extending it by modifying the
interconnections between two or more walk multiplets. This provides a systematic way
to construct graphs with cospectral vertices but no permutation symmetry, based on
breaking existing symmetries by walk multiplet-induced modifications. The concept of
walk equivalence of vertices is further generalized to the case where walks to different
subsets of a walk multiplet can be equipped with different weight parameters.

Apart from providing means to modify a graph without breaking the cospectrality,
we show that walk multiplets can be used to obtain a substantial understanding of
the structure of eigenvectors of general real symmetric matrices with cospectral pairs. In
particular, for a suitably chosen eigenbasis, walk multiplets induce linear scaling relations
between eigenvector components on the multiplet vertices, in dependence of the local
parity—Eq. (2)—of the eigenvector on the cospectral vertex pair associated with the
multiplet. As a special case, the eigenvector components vanish on any walk singlet
and, by iteration, on any arbitrary new graph connected exclusively to walk singlets.
We believe our work will provide valuable insights into the structure of eigenvectors of
generic network-like systems and thereby aid in the design of desired properties.

The paper is structured as follows. In Section 2, we first motivate the concept of
walk multiplets as a generalization of USPs, before we define them generally in terms
of walks on graphs, and proceed discussing their properties. In Section 3, we show how
walk multiplets allow for the modification of graphs without breaking vertex cospec-
trality. In Section 4, we apply the concept to derive relations between the components
of eigenvectors on walk multiplet vertices, with vanishing components on walk singlets
as a special case. In Section 5, we use walk multiplets to generate graphs that feature
cospectral vertices without having any permutation symmetry. We conclude the work in
Section 6. In the Appendix we provide the proofs of all theorems.

2. Walk multiplets

As the name suggests, the concept of “walk multiplets,” to be developed below, is
based on walks along the vertices of a graph. In particular, as illustrated in Fig. 1, the
entries of powers H* can be interpreted in terms of walks [4] on the corresponding graph
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with N vertices. Indexing the vertices of the graph by v; € [1, N], a walk of length k
from vertex vy to vertex vi41 is a sequence

gk (vi, vet1) = (v1,v2), (v2,v3), - ., (Vk, Vkt1) (3)

of k (possibly repeated) edges (v;,v;+1) corresponding to nonzero matrix elements
H

Vi Vi41*

an edge connecting n with itself. If the entries of H are either 0 or 1, that is, the graph

Note that a diagonal element H, ,, corresponds to a “loop” on vertex n, that is,

is unweighted, then the element [H"],, , equals the number of walks from m to n on the
graph. We leave it like this for now, but will consider walks on general weighted graphs
further below. Throughout this work H = H' € R¥*N will denote a real symmet-
ric matrix but also the corresponding graph itself, since there is a one-to-one mapping
between them for our purposes.

2.1. Unrestricted substitution points: the simplest case of walk multiplets

Let us introduce the idea of walk multiplets, starting with some preliminary consider-
ations by inspecting the example graph in Fig. 2(a), adapted from Ref. [8]. As is common
in the field of chemical (or molecular) graph theory, this graph is used as a very simple
representation of a molecule, with the vertices being atoms of some kind and the edges
between them being atom-atom, i.e. molecular, bonds. For simplicity, we consider all
bonds to be of the same unit strength, meaning that all edges have the same weight 1,
and all atoms to have zero “onsite potential”, so there are no loops on vertices (like the
one on vertex 4 in Fig. 1).

While seeming quite common, this graph has some interesting “hidden” properties.
First of all, it has cospectral vertices labeled v and v. This cospectrality does not stem,
though, from a corresponding exchange symmetry (permuting vertices v and v with each
other). Indeed, without being symmetric under exchange, the cospectral vertices fulfill
Eq. (1), that is, the number of closed walks from u back to u and from v back to v is the
same, for any walk length k. Notably, cospectral vertices go under the name “isospectral
points” in molecular graph theory.

A second interesting property of the graph in Fig. 2 is that it has some special vertices,
labeled ¢ and r, called “unrestricted substitution points” (USPs) [6,8], which were already
mentioned in Section 1. Those are vertices to which new vertices or subgraphs may be
attached, or which may even be removed completely, without breaking the cospectrality
of uw and v. This is done in Fig. 2(b). Now, let us approach this in terms of walks, and
focus on the vertex c of the example for concreteness. Cospectrality of u, v is preserved
when connecting ¢ to the arbitrary new graph C', meaning that the number of closed
walks from u and v is the same for any walk length also after this modification. All
additionally created closed walks from u or v which visit the arbitrary subgraph C,
however, necessarily traverse the USP ¢ on the way. This suggests that the number of
walks from wu to c is the same as from v to ¢, for any walk length—because the possible
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Fig. 2. (a) A molecular graph, taken from Ref. [8], which has two cospectral vertices u, v and two “unrestricted
substitution points” (USPs) ¢, r. (b) The USPs are vertices which can be connected to any arbitrary graph
C (as done with ¢) or also removed from the graph (as done with r), without breaking the cospectrality
of u,v. (¢) In the present work we generalize USPs to vertex subsets called “walk multiplets”, an example
here being the subset M = {m1, m2, m3}. We can connect this subset to a new vertex ¢’, which we can in
turn connect to an arbitrary graph C’, without breaking the cospectrality of u,v. The added vertex ¢’ is a
walk “singlet”, which is identified as an USP.

walk segments within C' are evidently the same for walks from u and from v. Indeed,
this turns out to be exactly the case: A vertex c¢ of a graph H with cospectral vertices
u,v is an USP if and only if it fulfills [H*], . = [H%], . for any non-negative integer /.

While already offering a great flexibility, USPs do not necessarily occur in all graphs
with cospectral pairs. This leads to the question: Are there other possibilities of graph
extensions, involving a set of points instead of just a single point to which one can
connect an arbitrary graph? Imagine, for example, a subset M of some graph’s vertex
set to which some arbitrary new graph C’ can be connected, by connecting an arbitrary
single vertex ¢’ of C’ to all vertices in M, without breaking the cospectrality between
two vertices u, v of the original graph. Such a subset M, associated in this way with a
cospectral vertex pair, corresponds to what we will call a “walk multiplet” relative to
u,v. An example is illustrated in Fig. 2(c). The key property, in analogy to USPs, is that
the cumulative number of walks from u to all vertices in M is the same as from v to M.
An USP is then just the simplest case of a walk multiplet consisting of a single vertex,
a walk “singlet”.

Below, we will formalize the concept of walk multiplets and describe the various flavors
they can assume in general undirected and real-weighted graphs, which correspond to
real symmetric matrices. Their value in extending graphs with cospectral vertices will
be shown subsequently in Section 3, and their significance for graph eigenvectors will be
demonstrated in Section 4. First, we introduce some helpful key notions in the description
of walks.

2.2. Weighted walks and walk matrices

Let us first extend the correspondence between walks on a graph, defined in Eq. (3),
and powers of its matrix H to a weighted graph, where the entries of H are arbitrary
real numbers. Any walk «j from v; to vgy1 is then given a weight w(ay) equal to
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the product of the edge weights w(v;,v;41) = H

Vi, Vi41

of all edges traversed [10], that
is,

k

w(a(v1,vE11)) = w(v1, v2)w(va, vg) - - w(Vg, Vg y1) = H[H]ui,my (4)

The entries [H*],, , are then given by the sum over weighted walks as [10]
[Hk]m,n = Z w (ag(m,n)) (5)
Ak

where the sum runs over all distinct walks of length k£ from m to n.

Consider, now, a subset Ml C V of the set V of the vertices of a graph H. The walk
matriz of H relative to M is the matrix [11] Wy = [em, Hew, - - -, HY “Len], whose k-th
column equals the action of H*~! on the so called indicator (or characteristic) vector
em of M with [ep]r, = 1 for m € M and 0 otherwise. Thus, the element

[WM]S,K = Z [Hﬁ_l]s,m (6)

meM

equals the sum over weighted walks [in the sense of Eq. (5)] of length £ —1 € [0, N — 1]
from vertex s to all vertices of M.

Below we will use this notion of collective walks to vertex subsets to identify struc-
tural properties of graphs and their eigenvectors. It will then be convenient, however,
to account also for the case where the walks to different vertices m € M, represented
by [H*]s.m, are multiplied by some (generally different) factors ~,,. Treating Wy as the
Krylov matrix [12] of H generated by epg, we thus simply replace this generating vector
with a weighted indicator vector ejy having a tuple v = (Y )mem of general real values
vm instead of 1’s in its nonzero entries m € M. This extends the common walk matrix
to a corresponding “weighted” version which we denote as Wgﬂ, that is

Ym, m € M,

0, m¢M. ")

Wy = ledp Hedg - HY 'yl 7= (Ym)mems  [€glm = {

For this weighted walk matrix, Eq. (6) is accordingly modified to the more general form

[Wgﬂ]s,é = Z 'Ym[Hg_l]s,ma ¢ € [1,N], (8)
meM

so that the interpretation of matrix powers in terms of walks is further equipped with
weights -,,, for the individual walk destinations m.
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2.3. Walk equivalence of cospectral vertices

Combining the intuition of equal number of walks to vertex subsets in Section 2.1
with the notion of weighted walk matrices in Section 2.2, it now comes natural to define
the general case of a walk multiplet. We will then discuss examples of walk multiplets
before analyzing their consequences in the next sections.

Definition 1 (Walk multiplet). Let H € RN*N be a matrix with vertex set V and walk
matrix Wy relative to a subset Ml C V with weighted indicator vector ey, corresponding
to the tuple v = (Ym)mem- If the u-th and v-th rows of Wy fulfill

[ngﬂ]u,* = p[WIgﬂ]v,* (9)

(with * denoting the range [1, N], i.e. all matrix columns), then M corresponds to an
even (odd) walk multiplet with parity p = +1 (—1) relative to the two vertices u, v,
denoted as M?

P uw> and u, v are walk equivalent (antiequivalent) with respect to MZ

71}‘

A walk multiplet MZE.  is thus not merely a subset M, but this subset equipped
with a |M|-tuple of weight parameters v and a parity p, associated with a given vertex
pair u,v. If all weights v,, are equal, then ME.  is a uniform walk multiplet, and we
will first discuss such multiplets. In this case the common weight is obviously a global
scaling factor in Eq. (9) and can be set to unity without loss of generality, ~,, = 1 for all
m € M. We will show cases of nonuniform walk multiplets (with unequal v, in general)
afterwards. Although walk multiplets are generally defined above relative to any pair of
vertices u, v, we will concentrate on multiplets relative to cospectral vertices u, v from
now on. Also, for brevity, we will drop the indication of vertices u,v in the subscript of
MP? ., , when they are clear from the context. According to their cardinality (the number
IM]| of vertices in M) we call multiplets “singlets”, “doublets”, etc. Note that the same
subset M can in general correspond simultaneously to different walk multiplets relative
to different cospectral vertex pairs or with different tuples v. We should also point out
that the notion of “walk equivalence” of two graphs as a whole has been used [13,14],
and stress that we here introduce the notion of walk equivalence of two wvertices with
respect to a vertex subset.

Before showing examples of walk multiplets, we note that the condition (9) only
incorporates walks of length k£ € [0, N — 1] from u and from v to M; see Eq. (8). At
first sight one might then wonder whether the sum over longer walks (kK > N) to M is
also equal for v and v. This is indeed the case. Due to the Cayley-Hamilton theorem, we
have that HY = Efc\:ol ¢ H* with constant coefficients ¢, meaning that higher powers
k > N —1 of H can be written as polynomials in H of order up to N — 1. Thus, if Eq. (9)

holds, we have that

S Al H um =1 Y ym[Hom VEkeN. (10)
meM meM
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(b)

5", {8}~ 5", {8}~
{1,217, 3,737 {4, 737.{6, 73", {3, 4}~ {1,2}7.{6, 737, {3,4}~
{1,2,5)%,{3,5, 7}, {4,5,7}+,{5,6, 7}, {3,4,8} {1,2,5}*,{5,6,7}*, {3,4,8}~

Fig. 3. (a) A graph with edge weights +1 (solid lines) and —1 (dashed lines) in which the two vertices 1
and 2 are cospectral (among other cospectral pairs) and (b) the same graph with edges weighted by 12
real parameters w, as shown, preserving the cospectrality of {1,2}. The tables below list all uniform walk
singlets, doublets, and triplets (top to bottom) relative to {1, 2}, with superscripts indicating the parity p
of each multiplet; see Example 1.

For an unweighted graph, the notion of walk equivalence of v and v with respect to M
then acquires a simple interpretation: An even uniform walk multiplet (v,, = 1 for all
m € M) corresponds to a vertex subset M such that the number of walks from u to M
equals the number of walks from v to M (that is, summed over all m € M) for any walk
length k. Let us now have a look at some uniform walk multiplets in an example graph.

Example 1. In the graph depicted in Fig. 3(a), the two vertices u = 1,v = 2 are cospec-
tral. All uniform walk singlets, doublets, and triplets of H with respect to 1,2 are given
in the table below. We put a superscript +(—) on each individual multiplet subset to
indicate its even (odd) parity p. Importantly, the vertex cospectrality and multiplet
structure of a graph are in general not strictly bound to a specific set of edge weight
values. Indeed, one may generally “parametrize” the edge weights, by setting groups of
them to the same but arbitrary real value, and still retain the graph’s vertex cospectral-
ity as well as a subset of its walk multiplets. To demonstrate such a parametrization,
in Fig. 3(b) the graph of Fig. 3(a) has been weighted by arbitrary real parameters w,,
(n=1,2,...,12) as shown. The uniform multiplets shown in the table below the graph
are present for any choice of the weight parameters w,,, as does the cospectrality of 1, 2.
Note, however, that certain uniform multiplets of the original graph are removed in the
parametrized one for arbitrary values w, (that is, if there are no further constraints
on these values); for example, {3,7}" and {4,7}*. Other cospectrality-preserving edge
weight parameterizations (not shown) may keep different sets of multiplets intact. We
note here that the graphs in Fig. 3 were chosen to have a simple geometry to highlight the
occurrence of even and odd walk multiplets. Indeed, in this particular case the graph’s
matrix H (for both subfigures of Fig. 3) commutes with the signed permutation

ﬂ:{? (ﬂ@{_ol _01]@1@{(1) (1)]@—1 (11)
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with IT? = I. This symmetry induces some of the present walk multiplets, e.g. the anti-
doublet {3.4}~ relative to {1,2}, since [H*]; 3 + [H*]14 = [IT?H*); 3 + [[I*?H*); 4 =
[ITH*II), 3 + [ITH*IT), 4 = —[H")2.4 — [H¥]23. In fact, all walk multiplets which are
retained after the parametrization in Fig. 3(b) can be seen as a consequence of this
symmetry. The remaining ones, that is, {3, 7}", {4,7}", {3,5,7}", {4,5,7}T in Fig. 3(a),
cannot be explained by this simple symmetry but rather by a symmetry of the graph’s
walk structure—specifically, under row permutation on the graph’s walk matrix, see

Eq. (9).

Surely, the graph in Example 1 also features a whole lot of nonuniform multiplets, but
we do not show them for simplicity. We have another example dedicated to nonuniform
multiplets right below. Apart from that, though, the reader might have noticed that the
cospectral pair {1,2} in Fig. 3 itself is included in the list of uniform walk multiplets.
This is not a coincidence for this particular graph.

Remark 1. A cospectral vertex pair {u,v} is a uniform even walk doublet relative to
itself, since [H*]y0 + [H¥uw = [H*v.o + [H*]yu, with [H¥],.. = [H*],. by Eq. (1)
and [H*],, = [H"]y. by the symmetry of H = H'. Thus Eq. (10) is fulfilled with
M = {u,v} and p = +1.

In the next example, we will illustrate the occurrence of nonuniform walk multiplets,
where the walks to different destinations m in the associated subset Ml are generally
weighted differently by weights 7,,. Usually, however, those weights ~,, are not all dif-
ferent from each other, but can be partitioned into groups of equal values. We call the
vertex subset of a multiplet with such equal values in the tuple v = (v, )mem @ sublet
of the multiplet. In other words, given a nonuniform walk multiplet MZ, the subset M
is the union of Ny = N4() < |M| disjoint sublets m,,, that is,

N
M:Umu, m, Nm, =0 Yu#v, Ymem, =1, (12)
pu=1

such that all weights ~,, with m € m,, have equal value I}, which we call the “coefficient”
of the sublet m,,. The expanded form of the multiplet condition, Eq. (10), then becomes

> Y [HYum=pY I Y [Hom VEkeN. (13)

memy, mem,,

We indicate the coefficients I, as subscripts of vertex sublets within a walk multiplet,
as shown in the following example.

Example 2. The graph in Fig. 4 has two cospectral vertices u = 2 and v = 6, with walk
multiplets shown in the table for a maximum number of 4 vertices (there are no singlets).
As an example of notation, the even nonuniform walk triplet M? = {(1,5)q, (4)24}"
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{(2,6)a}7, {3.7)a}", {(49)a(8)-a}", {(2)-a,(6)a}~
{(1,4)a, B)=a}" {(Da; (B)=2a, (B)=a} {(1,8)a; (3)=a}*, {(1,5)a: (420}, {(1,4,7)a}™, {(Da; (5)=a; (7)2a}",
{(1,5)a; (8)2a} ", {(1,7,8)a}", {(3,4,5)a}", {(3,5,8)a}", {(4,5)a,(7)-a}", {(5:8)a;(7)-a}”

{(Da> 3o D2a40: Bass} s {1 4)ar 3o (Nass} s {(Das (3)—ar (D), B)as} ™ {(1)a, (3)s, (5)—a (T2a+6} ™,
{(Was 3)os (Blatvs (8)2a163 5 {(1:8)as (3)os (Nate} s {(Das (s (5)—ats (T2a-b} " {(1,5)a; (4)p; (8)2a-0} ",
{17, (Do B)a=} s {L)as (5)os (Tabs (8)ass} ™ {(2:6)a: (3, 7)p}F, {(2,6)a; ()0, (8)-6} 7,

{3)as (4,5)6: (Na-s}T5 {3,5)as (Ao B)a—s}Ts {3, T)a (D)o, 8) -0}, {(B)as (5:8)p, (Tas}

{@ar 5o, (M) -bs (8)—atp} ™ {(1,3)a, (5,7)=a}™s {(1,5)a; (4,8)-a}™

Fig. 4. An unweighted graph with two cospectral vertices 2, 6, with all existing walk multiplets up to maximal
size of four vertices listed in the table below the graph (there are no walk singlets). Each walk multiplet
{---}* is composed of sublets (- - - )r, with coefficients T';, € R which are independent among multiplets
(although the same symbols a, b are used for brevity); see Example 2.

(with v = (v1,74,75) = (a,2a,a)) is composed of the sublets m; = {1,5} and my = {4}
with coefficients I} = a and I, = 2a, respectively, where the parameter a can take any
nonzero value. Note that the values of sublet coefficients (like a,b in Fig. 4) in different
multiplets are unrelated. For instance, {(4)q, (8)—}" is an even doublet composed of
sublets {4} and {8} with coefficients a and —a, independently of the values of a in the
other multiplets in Fig. 4. Similarly, {(1)a, (3), (4)2a+b, (5)at+s}T is an even quadruplet
composed of the four sublets {1}, {3}, {4}, {5} with corresponding nonzero coefficients
a,b,2a + b,a + b. If, however, any n > 0 of these coefficients vanish, then the remaining
4 — n sublets with nonzero coefficients constitute a multiplet with 4 — n vertices. For
example, if b = —a, the coefficient of {5} vanishes, and the remaining three sublets form
the triplet {(1,4),, (3)_o}T. Finally, note that any uniform multiplet consists of a single
sublet, like, e.g., {(1,4,7),}". As one can see, the number of nonuniform multiplets is
much larger than the number of uniform ones in the present example.

Now, going back to Fig. 3, a closer look at the table there suggests that the union of
multiplets of same parity p form a multiplet; for instance, {8}~ U {3,4}~ = {3,4,8}".
Indeed, the union of disjoint uniform multiplets of equal parity always forms a new
uniform multiplet. In fact, different uniform multiplets may also overlap (that is, have
common vertices), and their union is again a multiplet, though a nonuniform one. Take,
e.g., the three uniform even multiplets {(3,7),}1, {(4,7)s}", {(5)ar} ", now written with
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arbitrary uniform weights a, b, a’, respectively. Their union forms the nonuniform even
multiplet {(3)a, (4)b, (5)ars (7T)ats}T consisting of four sublets with coefficients I 234 =
a,b,a’,a+b. Quite generally, any two walk multiplets of equal parity can be merged into
a larger multiplet, as expressed by the following remark.

Remark 2. Tt is clear from Eq. (9) that, if A? and B are two even (odd) walk multiplets
with weighted indicator vectors e, and e%, respectively, then C? with C = A UDB is also
an even (odd) multiplet with weighted indicator vector el = e} + e%.

Note, however, that not all nonuniform multiplets can be decomposed as a union of
uniform multiplets. This is easily verified from the table of Fig. 4. For example, the
even nonuniform walk quadruplet {(2,6)q,(3,7),}" is the union of the two even uniform
doublets {(2,6),}" and {(3,7)p} T, but none of the walk triplets can be decomposed into
smaller multiplets (that is, a doublet and a singlet or two overlapping doublets). On the
other hand, the nonuniform quadruplet {(1)q4, (3)—a, (4)5, (8)a—p} is composed of the
nonuniform triplet {(1,4),, (3)_s} and doublet {(4)4, (8)—o } with o’ =b — a.

3. Preserving vertex cospectrality via walk multiplets

Walk multiplets are very valuable for the analysis and understanding of matrices with
cospectral vertices u and v. As we will show, once (one or more of) the walk multiplets
of H relative to v and v are known, one can use this knowledge to extend a graph
H by connecting a new vertex (or even arbitrary graphs) to it whilst preserving the
cospectrality of u and v. This naturally generalizes the notion of USPs to subsets of
more than one vertex of a graph. We will also show how to interconnect walk multiplets,
thereby changing the topology of a given graph, while preserving the associated vertex
cospectrality.

In the literature [11], connecting a single vertex to a graph H via multiple edges of
weight 1 results in a graph H’ which is coined a “cone” of H. To treat general weighted
graphs, we will here require cones with weighted edges:

Definition 2 (Weighted cone). Let G € RV*YN represent a graph with vertex set V =
{1,2,..., N}. A weighted cone of G over a subset Ml C V with weight tuple v = (Vi )mem
is the graph

G ey
vy %) .

constructed by connecting a new vertex ¢ = N + 1 (the tip of the cone) to M with edges
of weights v, = Hy, . = H.n to the corresponding vertices m € M, where e'ZM is the
weighted indicator vector of Eq. (7) with nonzero entries vy, .



8.0 COSPECTRALITY PRESERVING GRAPH MODIFICATIONS 169

C.V. Morfonios et al. / Linear Algebra and its Applications 624 (2021) 53-86 65

For instance, the graph in Fig. 3(a) is the weighted cone H over the vertex subset {1,2}
of the graph H \ 8 (H after removing vertex 8) with weight tuple v = (y1,72) = (=1,1).
We can now state one of the main results of this work, which will allow for the systematic
extension of graphs with cospectral pairs while keeping the cospectrality:

Theorem 1 (Walk singlet extension). Let G = G € RN*N represent an undirected graph
with two cospectral vertices u,v, let MY be an even (odd) walk multiplet of G relative
to u,v, and let H be a weighted cone of G over the subset M with real weight tuple

Y = (Ym)mem- Then

(i) Vertices u,v are cospectral in H.
(ii) The tip c of the cone H is an even (odd) walk singlet relative to u,v.
(iii) Any even (odd) walk multiplet in G is an even (odd) walk multiplet in H.

Point (i) of the theorem extends the notion of USPs to vertex subsets for the case of a
single new connected vertex c: the vertex ¢ is now connected to a subset M instead of a
single USP of a graph without breaking the associated vertex cospectrality. Further, by
point (ii) of the theorem, another new vertex ¢’ can be connected to ¢ while preserving
cospectrality, just as would be the case if ¢ were a USP. Point (iii) finally allows multiple
single new vertices to be connected to different walk multiplets, or to the same walk
multiplet. In the case of a USP, however, cospectrality is preserved when connecting a
new arbitrary graph to the USP, and not only a single new vertex. This is indeed also
the case for a walk singlet.

Corollary 1. Let the vertex ¢ of a graph H be an even (odd) walk singlet relative to a
cospectral pair w,v in H, and let C' be a graph connected exclusively to ¢ via any number
of edges with arbitrary weights. Then all vertices of C' are even (odd) walk singlets relative
to u,v.

We thus see that any walk singlet is a USP, and below (Corollary 3) we will also
show that the reverse is true. Now, suppose we have connected some walk singlets to
corresponding new subgraphs C, C’, ..., which then also consist purely of singlets. Those
subgraphs may also be interconnected among each other in an arbitrary manner, by
iteratively interconnecting pairs of singlets, leaving the associated cospectrality intact.
In fact, vertex interconnections preserving cospectrality can be generalized to the suitable
interconnection of arbitrary walk multiplets of equal parity, as ensured by the following
theorem.

Theorem 2 (Walk multiplet interconnection). Let G € RN*N be a graph with a cospectral
pair {u,v} and X2, Y? be (in general non-uniform) walk multiplets relative to {u,v}
having same parity p and weight tuples =, d, respectively, with possible subset overlap
Z =XNY # 0. Then the cospectrality of {u,v} and any walk multiplet relative to {u,v}
with parity p are preserved in the graph H € RN>*N with elements
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Gy + V20 ife & Z or Z
Hpy=Hy,=4 =¥ =% fogloryg VeeX,yeY
Gay + Valy + Yoz ifx,y €Z

and H; j = G; ; otherwise.

The above theorem, in contrast to the extension of a graph by external vertices in
Theorem 1, allows for the internal modification of the graph itself while keeping the
cospectrality of a given vertex pair. In particular, the topology of the graph may be
changed by adding new edges or deleting existing ones. Before showing examples using
Theorems 1 and 2, let us also note the following.

Remark 3. By Theorem 2, one can interconnect a cospectral pair {u,v} (which corre-
sponds to a walk doublet relative to itself) to itself by setting X = Y = {u, v} and adding
an edge between u, v as well as loops on u, v, all of equal arbitrary weight (added to pos-
sible existing edges), while keeping their cospectrality. Then, by Lemma 3.1 of Ref. [15],
those loops can be removed, with wu,v still remaining cospectral. In other words, two
cospectral vertices u, v of a graph can be interconnected or disconnected without affect-
ing their cospectrality.

To show Theorems 1 and 2 in action, we will now apply them to the example graphs
in Fig. 3(a) and Fig. 4 of the previous section, whose walk multiplet structure has
already been analyzed. With the first example, we showcase the cospectrality-preserving
extension of a graph; via a uniform walk multiplet, via a combination of overlapping
uniform multiplets, and finally by connecting another arbitrary graph to it.

Example 3. In Fig. 5(a) we have modified the graph of Fig. 3(a) by connecting a new
vertex ¢ = 9 to the even uniform walk doublet {3, 7} relative to the cospectral pair {1, 2}
with weight a. In the terminology of Theorem 1, this new graph is the cone H of the graph
in Fig. 3(a), G, over the subset M = {3,7} with a weight tuple v = (v3,7v7) = (a,a).
By Theorem 1, vertex ¢ then forms an even singlet and all even multiplets of the graph
G in Fig. 3(a) are still present in the new graph of Fig. 5(a), as confirmed in the table
at the bottom of the figure. Now, in Fig. 5(b) we further connect ¢ to other vertices
in H, without breaking the cospectrality of {1,2} or its walk equivalence to any even
multiplet. Indeed, by Theorem 2, vertex ¢ can be connected to the even singlet {5}
with some weight a’. We can—again by Theorem 2-—additionally connect ¢, with weight
b, to the even uniform doublet {4,7} which overlaps with the already connected one
{3,7}*. As a result, the edge (¢,7) now has weight a + b. Of course, these successive
connections amount to the final graph simply being the weighted cone of the initial
one with tip ¢ over {3,4,5,7} with weight tuple v = (v3,74,75,77) = (a,b,a’,a + b).
Thus, {(3)a, (4)s, (5)ar, (T)ass}™ is an even nonuniform walk quadruplet; see Remark 2.
In Fig. 5(c) we make use of Corollary 1 and connect a whole graph C, represented
by a cloud since it can be just any graph, to the even singlet ¢ via any number of
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(b)

{57, {9}*, {8}
{1,2}7,{3, 7}, {4, 7}, {5,9} *{6, 7}*
{1,2,5)%,{1,2,9}*,{3,5,7}+,{3,7,9}+,{4,5, 7}+, {4, 7,9}, {5,6, 7} *, {6,7, 9} *

Fig. 5. Extension of a graph via walk multiplets, using Corollary 1 and Theorem 2; see Example 3 for
details. The graph of Fig. 3(a) is successively extended by (a) connecting a new vertex ¢ = 9 symmetrically
to the even uniform walk doublet {3,7}T relative to the cospectral pair {1,2} with weight a, (b) further
connecting ¢ to the even singlet {5} with weight a’ and to the even uniform doublet {4,7}" with weight
b, (c) connecting an arbitrary graph C (cloud) to the even walk singlet ¢ via any number of edges with
arbitrary weights, and (d) connecting another graph C’ to the even walk singlet {5}" and then C’ to C
in an arbitrary manner, forming a larger arbitrary graph connected to vertices 5 and c. In all steps, the
cospectrality of {1, 2} as well as the uniform walk multiplets listed in the table below (for up to cardinality 3)
are preserved. The graph in (b) is the “weighted cone” of the graph in Fig. 3(a) over subset {3, 4,5, 7} with
weight tuple v = (v3, V4,75, v7) = (a,b,a’,a + b). Also, {(3)a, (4), (5)ars (T)atrs} T is an even nonuniform
walk quadruplet relative to {1,2} with the same weight tuple ~.

edges with arbitrary weights—again preserving cospectrality and walk equivalence of
{1,2}. In Fig. 5(d), we have connected another cloud graph C’ to the walk singlet {5}*.
This latter cloud C’ can finally be connected—by Theorem 2—in any arbitrary way
to C into a larger cloud graph, since both {5}* and {c}* are even singlets (as are
all cloud vertices connected to them). Note that point (iii) of Theorem 1 means that
walk multiplets of the original graph G with parity opposite to that of ME are not
necessarily present in the new graph (cone) H. Indeed, in the present example with
p = +1 all but one odd walk multiplet of Fig. 3(a) (the walk singlet {8} ) disappeared
in Fig. 5(a)—(d).
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As we see, using Theorem 1 together with Corollary 1 and Theorem 2, given a graph
H with cospectral vertices u,v one can: (1) generate walk singlets by connecting new
vertices to existing walk multiplets, (2) connect an arbitrary new subgraph to such a
singlet, and subsequently (3) even interconnect such subgraphs. In other words, we now
see that, starting from a small graph with cospectral vertices u and v, one can construct
arbitrarily complex graphs maintaining this cospectrality, using the concept and rules
for the introduced walk multiplets.

Let us here also corroborate the necessity of equal parity of two walk multiplets for
their combination to be a multiplet (see Remark 2), by a counterexample. In Fig. 5,
{5}, {8} are walk singlets of opposite parity relative to the cospectral pair {1,2}.
Assume, now, that these two singlets can be combined into a walk doublet C? relative
to {1,2} with subset C = {5,8}, weight tuple ¢ = (a,b) and parity p = £1. Then,
by Theorem 1, connecting a new vertex ¢ to C via edges with weights a,b would not
break the cospectrality. However, this is not the case. Indeed, in the extended graph
we would get [H°]11 = [H®]|22 — 4ab, violating Eq. (1) for & = 5 if ab # 0. This
means that only one of the vertices {5}* and {8}~ may be connected to ¢’ (a = 0 or
b=0) to keep {1,2} cospectral. In other words, either even or odd walk multiplets can
generally be simultaneously connected to a new vertex while keeping the cospectrality
of the associated cospectral pair.

In the following example, we demonstrate how the topology of a graph itself can
be modified, i.e. without extending it by new vertices, while preserving a cospectral
pair.

Example 4. In Fig. 6, we apply Theorem 2 to the graph of Fig. 4, resulting in graphs with
the same vertices as in the original graph but with some of them connected differently.
Specifically, in Fig. 6(a), we interconnect the even uniform walk doublet {(3,7),}" with
the even nonuniform walk triplet {(1,5)s, (4)25} " (see list of walk multiplets in Fig. 4).
According to Theorem 2, {u,v} = {2,6} remains cospectral if we add the product ab to
the edge weights between each of the vertices 3,7 of the doublet and vertices 1,5 of the
triplet, and 2ab to the edge weights between 3,7 and 4, as shown in the figure. Thus,
the new edges (1,3), (3,4), (3,5), and (4,7) are created in the resulting graph, so that
the graph topology has been modified. Note, though, that the multiplet interconnection
procedure comes with a partial restriction on the weights of the new graph. For instance,
starting in Fig. 6(a) with an unweighted graph and setting also a = b = 1, the edges
(1,7), (3,4), (4,7), (5,7) in the new graph have weight 2 (and the rest 1); that is,
the new graph cannot be unweighted. In Fig. 6(b), we interconnect {(3,7),}" with
{(4)p, (8)_p}T. Starting with the original graph unweighted and setting a = b = 1, the
addition of edge weights according to Theorem 2 removes the edges (3,8) and (7, 8), while
adding (3,4) and (4,7), with {2,6} remaining cospectral. This demonstrates how walk
multiplet interconnections can be used to disconnect vertices of a graph while preserving
the associated cospectrality.
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(a) (b)

3

Fig. 6. Two modifications of the graph depicted in Fig. 4 which keep the cospectrality of the vertices 2 and
6 while changing the graph topology, using 2; see Example 4. In (a) we interconnect the walk multiplets
{(3,7)a}" and {(1,5)s, (4)2s}", with added edge weights as indicated, and in (b) we interconnect walk
multiplets {(3,7)o}" with {(4)4, (8)_q} T, starting from the original graph unweighted and setting a = 1.

By Theorem 1, the cospectrality of a vertex pair is preserved in the weighted cone
over a walk multiplet of a graph with the same weight tuple ~, with the tip of the cone
then being a walk singlet. We now ask for the reverse: When the cospectrality of u, v is
preserved under a single-vertex addition, is that vertex necessarily a walk singlet relative
to u,v? The affirmative answer is given by the following theorem, which also makes a
similar statement for the case of single vertex deletions.

Theorem 3 (Preserved cospectrality under single vertex additions or deletions). Let G be
a graph with vertex set V and with two cospectral vertices u,v € V. Then

(i) The cospectrality of w and v is preserved in the cone H of G over a subset Ml C 'V
with weight tuple v = (Ym)meMm if and only if MY is a walk multiplet relative to u,v.
(ii) The cospectrality of u and v is preserved in the graph R = G \ ¢ (obtained from G
by removing the vertex ¢ € V) if and only if ¢ is a walk singlet in G relative to u,v.

Recall that the tip of the cone in part (i) is a walk singlet relative to u,v (by The-
orem 1). In part (ii), a walk singlet is removed, without breaking the cospectrality of
{u,v}. Thus, the theorem implies that the only way to add a single vertex to a graph,
or to remove a single vertex from it, without breaking the cospectrality of two vertices
u, v, is if that vertex is a walk singlet relative to u,v.

A word of caution, though: Whereas walk singlets can safely be removed from a graph
without destroying the associated cospectral pair, the same is not true for larger walk
multiplets in general. An interesting special case where a multiplet can be removed is
when (i) its vertices are pairwise cospectral and (ii) relative to each such cospectral
pair its remaining vertices are singlets, as explained in the proof of Theorem 3 in the
Appendix. An example of this is the walk anti-doublet {3,4}~ in Fig. 3(a), whose removal
does preserve the cospectrality of the pair {1,2}.
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Combining Theorem 1 with Theorem 3 results in the following conclusion regarding
walk singlets.

Corollary 2. A vertex ¢ of a graph is a walk singlet relative to cospectral vertices u,v if
and only if it is exclusively connected via edges with weight tuple v = (Ym)mem to a walk
multiplet ME relative to u,v.

Let us now make the link to where we started (in Section 2.1), with the notion of
USPs. Recall that an USP is a single vertex to which an arbitrary new graph can be
connected, or which can also be removed, without breaking the cospectrality of a vertex
pair. While it is clear from Theorem 1 that any walk singlet is an USP, one might ask
if also the reverse is true, that is, whether any USP is a walk singlet. The removal of a
walk singlet is covered by Theorem 3(ii). Regarding the connection of arbitrary graphs,
we have the following.

Corollary 3 (USPs are singlets). If the cospectrality of a vertex pair {u,v} of a graph H
is preserved when connecting an arbitrary graph C' to a single vertex ¢ of H, via edges
of arbitrary weights, then c is a walk singlet relative to {u,v}.

This statement can be easily understood from the above. Indeed, since C' is an ar-
bitrary graph, we can choose it to be a single vertex ¢’. If the cospectrality of u,v is
preserved under this addition, then by Theorem 3(i), ¢ must then be a walk singlet. But
by Corollary 2, ¢ must be a walk singlet as well. Thus, we have that every USP is a walk
singlet.

Before we proceed, let us review the above, starting with a recapitulation of the
concept of cospectral vertices. Known in molecular graph theory as “isospectral points”,
this concept can be seen as a generalization of exchange symmetry [6]. Indeed, any
two vertices v and v that are exchange symmetric are also cospectral, but the reverse
is not necessarily the case. Similar to the case of exchange symmetries, one can then
draw powerful conclusions from the presence of cospectral vertices. For example, one can
use the presence of cospectral vertices to express the characteristic polynomial of the
underlying matrix H in terms of smaller polynomials [16]. In quantum physics it has been
shown [3] that cospectrality of u and v is a necessary condition for so-called perfect state
transfer between these two vertices, which is important in the realization of quantum
computers. In general, if two vertices u and v are cospectral, then all eigenvectors have (in
the case of degeneracies, can be chosen to have) definite parity on these two vertices [15].
The implications of such local parity depend, of course, on what the underlying matrix H
represents, but can be quite impactful. In network theory [9,17], for example, the local
parity of eigenvectors implies that two cospectral vertices have the same “eigenvector
centrality”, which is a measure for their importance in the underlying network.

Irrespective of these powerful implications of cospectrality, however, one might object
that fulfilling its defining Eq. (1) is rather difficult, especially in larger graphs comprising
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thousands of vertices. What we have shown above is that fulfilling Eq. (1) is, on the
contrary, rather easy: Given a small graph G with cospectral vertices u and v, one can
easily embed G into a (much) larger graph G’ by suitably connecting some vertices of G’
to the walk multiplets of u and v. In other words, we have shown that cospectrality does
not necessarily rely on global fine-tuning. This viewpoint-changing finding, however, is
just the implication of a much more important insight. Namely, that the matrix powers
of H—which are used to identify walk multiplets—are a source of detailed information
about the underlying graph, as we will demonstrate in the following.

4. Eigenvector components on walk multiplets

Having seen how multiplets can be used to extend a graph whilst keeping the cospec-
trality of vertices, we now analyze their relation to the eigenvectors of H. To this end,
we first choose the orthonormal eigenvector basis according to the following Lemma.

Lemma 1 (Lemma 2.5 of [15]). Let H be a symmetric matriz, with w and v cospectral.
Then the eigenvectors {¢} of H are (or, in the case of degenerate eigenvalues, can be
chosen) as follows. For each eigenvalue X\ there is at most one eigenvector ¢ with even
local parity on u and v, i.e., ¢, = ¢, # 0, and at most one eigenvector ¢ with odd
local parity on u and v, i.e., ¢, = —¢, # 0. All remaining eigenvectors for X\ fulfill
Oy = ¢ = 0. The even (odd) parity eigenvector can be found by projecting the vector
ey e, onto the eigenspace associated with .

Remark 4. If the projection of e, 4+ e, onto the eigenspace associated with \ yields the
zero-vector, then the corresponding even (odd) parity eigenvector does not exist.

With this choice, the components of odd and even parity eigenvectors on a walk
multiplet obey the following constraint.

Theorem 4 (Eigenvector components on walk multiplets). Let H = H' € RN*N rep-
resent a graph with a pair of cospectral vertices u,v, and let its eigenvectors be chosen
according to Lemma 1. Then any eigenvector ¢ of H with eigenvalue X\ and nonzero
components of odd (even) parity p on u,v,

¢u = p(pv 7& O, pe {+17 _1}7 (15)
fulfills
Z 'Ymgbm =0 (16)

meM

if and only if MJP is a walk multiplet relative to u,v with even (odd) parity —p and
weight tuple ¥ = (Ym)meM-
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Remark 5. It is an interesting—and to the best of our present knowledge unanswered—
question whether analogous general statements can be made regarding the eigenvector
components on walk multiplets relative to a cospectral pair {u,v} for eigenvectors with
zero components on u, v.

Let us take a look at the impact of Theorem 4 in an example. We use a graph we are
already familiar with and which has an interesting multiplet structure.

Example 5. The graph of Fig. 4 has three eigenvectors ¢” (labeled by v = 1,2, 3) with
odd parity on the cospectral pair {2,6}, given by the columns

T2 1 1T
_@ 1 _E 1 E
—75 w(B+VE) 5 (5-V5)
75 w(B6-V5) 5 (5+VH)

0 -}

1 5 1

\/11_0 1 \/g 1 \/g

75w (-5—v5) 5 (V5 -5)
L 75 w0 (6-V5)  x(5+Vh)

As an example, we apply Theorem 4 for the even walk quadruplet {(1)q, (3)s, (4)24+b,
(5)asb}™ (shown in the table of Fig. 4) relative to {2,6}. By Eq. (16), each of the above
eigenvectors fulfills

agi + bk + (20 +b)¢y + (a+b)gy =0;  ¢5 = —¢g #0, v=123,  (17)

for any values of the parameters a,b, as the reader may easily verify. Note that the
above eigenvectors also have local odd parity on {3, 7}. This is again a result of Eq. (16),
since {(3,7),}" is an even walk doublet relative to the cospectral pair {2,6}, so that
o5+ oY =0forv=1,2,3.

For uniform walk multiplets, and especially singlets, Theorem 4 simplifies: If an even
(odd) walk multiplet M2 relative to u, v is uniform (v,, = const.), then ng ®m =0
for any eigenvector ¢ with odd (even) parity on u, v; in particular, ¢ has zero component
on any even (odd) walk singlet. The zero component of an eigenvector ¢ on a vertex ¢ can
be understood as a cancellation of weighted eigenvector components in the eigenvalue
equation H¢ = A¢, written as Zm?ﬁc Hepmdm = (A — Hee)oe. If ¢ = 0, the sum over
components ¢, on vertices m adjacent (i.e. connected by edges) to ¢, weighted by the
corresponding edge weights, vanishes, i.e. > Ze H.p, ¢, = 0. This coincides, though,
with Eq. (16) of Theorem 4 for H,, = 7y, Further, recall that the components of eigen-
vectors with parity p on cospectral vertices vanish on walk singlets with opposite parity
—p. In the light of Theorem 1(ii) and Corollary 1, this suggests that walk multiplets may
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s} s}

\

Fig. 7. (a) A graph with no walk singlets relative to the only cospectral pair {1, 8} which remains cospectral
for any nonzero edge weights w; (solid lines) and ws (dashed lines). The graph has seven eigenvectors
with odd local parity (and nonzero components) on {1,8}. (b) When connecting an arbitrary graph C
symmetrically via a single vertex c¢ to the cospectral pair {1, 8}, which is also a uniform even walk doublet
{1,8}7, then by Corollary 1 all vertices within C' are walk singlets relative to {1,8}. The original odd party
eigenvectors vanish on all vertices of C'.

be used to construct graphs having eigenvectors with multiple vanishing components,
namely on graph extensions consisting only of walk singlets. We demonstrate this in the
following example.

Example 6. We start with the graph in Fig. 7(a), which has no walk singlets (or any
other walk multiplets up to size 5, for that matter) relative to its cospectral pair {1, 8}.
The cospectrality of {1,8} is independent of the values of the weights w; and ws (indi-
cated by solid and dashed lines), as long as they are nonzero. We can now easily create
singlets by symmetrically connecting a new graph C, depicted by a cloud in Fig. 7(b), to
the two cospectral vertices 1,8 via a single vertex c of C'. This is ensured by Corollary 1
and Theorem 2, with the cospectral pair here simultaneously representing a walk doublet
(see Remark 1). The original graph in Fig. 7(a) has seven eigenvectors with odd parity
on {1, 8} for any choice of the edge weights wq,ws # 0. We note that this number can
be deduced by applying the methodology of Ref. [18], wherein the so-called “isospectral
reduction” is used to split the graph’s characteristic polynomial into smaller pieces, the
orders of which are linked to the number of positive and negative parity eigenvectors.
Coming back to the example, we note that each of those seven odd parity eigenvectors
has vanishing components on all vertices of C' by Corollary 1 and Theorem 4. Of course,
depending on the internal structure of the subgraph C', the total graph may now fea-
ture further eigenvectors (not those seven from above) which have zero components on
different subgraphs (not C).

When the subgraph C' is much larger than the original graph of Fig. 7(a), most of
the eigenvector components of the seven odd parity eigenvectors vanish. Eigenvectors
with such a property are known as “sparse eigenvectors” [19,20] in engineering or com-
puter science. Such eigenvectors can also be characterized as “compact”, since they have
nonzero components only on a strict subset of the vertex set of a graph H. Indeed, if H
represents a Hamiltonian of a physical system composed of discrete sites (like the atoms
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in molecular model of Fig. 2), then eigenstates of H which are strictly confined to a
subset of sites are often referred to as “compact localized states” [21,22] or even “dark
states” [23,24] depending on the context. We have here demonstrated how such compact
eigenvectors can be generated for a graph featuring cospectral vertices, by extending
the graph via walk multiplets. As a perspective for future work, this may be used to
design discrete physical setups with compact localized states or, more generally, network
systems with some eigenvectors vanishing on desired nodes.

5. Generating cospectral vertices without permutation symmetry from highly
symmetric graphs

Until now, the existence of cospectral vertices has been assumed to be given, and we
now come to the question of how to generate such graphs. One possible method is to
start from two graphs G, G2 with the same characteristic polynomial (such graphs can
be constructed by means of the so-called “Godsil-McKay-switching” from Ref. [25]), and
then search for a graph H such that H \ u = G; and H \ v = G2. The two vertices u
and v are then guaranteed to be cospectral in H.

The concept of walk multiplets, as introduced in this work, naturally suggests another
scheme for generating graphs with cospectral vertices. Starting from a matrix H which
commutes with a permutation matrix P which exchanges v and v (with arbitrary per-
mutations of the remaining vertices, so that other vertices could be symmetry-related as
well), one first identifies the walk multiplets of H relative to {u,v}. In a second step, H
is changed by either (i) connecting one or more new vertices to (some of) the multiplets
having common parity, following Theorem 1, or (ii) interconnecting multiplets by adding
edge weights between them, following Theorem 2. Vertices v and v remain cospectral
under these operations, but the resulting matrix H' may feature less permutation sym-
metries than H. Interestingly, H’ could feature no permutation symmetry at all, as we
demonstrate in the following examples.

Example 7. Fig. 8(a) shows a “ladder” graph with two legs and three rungs. As drawn
here, it is symmetric both under a reflection about the horizontal and the vertical axis.
As a result of the symmetry about the vertical axis, and among other cospectral pairs,
the two central vertices u, v are cospectral. Moreover, as a result of the combined hori-
zontal and vertical reflection symmetry, the two pairs {dy, ds} and {d;, d3} correspond to
even uniform walk doublets relative to {u,v}. In Fig. 8(b), a new vertex ¢ is connected
to {di,d2} and another new vertex ¢ is connected to {dj,ds}, with some arbitrary
but uniform weights a and b, respectively. The extension by ¢ and ¢’ breaks the previ-
ous reflection symmetries in the resulting graph, which in fact features no permutation
symmetries at all. By Theorem 1, however, the vertices u, v remain cospectral. Note, in
particular, that the occurrence of the walk doublet {d;,ds} in Fig. 8(a) can be intuitively
explained by the graph’s combined reflection symmetry about its vertical and horizontal
axes. The symmetry about the horizontal axis is then broken when first adding ver-
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dy

ab

(@ (b) (c)

Fig. 8. Generation of a weighted graph with cospectral vertices and without any permutation symmetry; see
Example 7. (a) A “ladder” graph, reflection symmetric about its vertical and horizontal axes, with cospectral
vertices u and v, is modified by (b) connecting two new vertices ¢ and ¢’ to the uniform walk doublets
{d1,d2}" and {d;,ds}" relative to {u, v} with weights a and b, respectively, or (c) interconnecting those
walk doublets by adding edge weights as shown. In both (a) and (b), the resulting graph has no permutation
symmetries, while u, v remain cospectral, as ensured by Theorems 1 and 2, respectively.

tex ¢, so one might intuitively expect also the walk multiplet condition for {dy,ds} to
be violated. Nevertheless, Theorem 1 guarantees that {d;, d3} remains a walk multiplet
relative to {u, v}, and so ¢’ can be further added without breaking cospectrality. An alter-
native way to generate a graph with cospectral vertices and no permutation symmetries
is shown in Fig. 8(c). Here the same original graph is modified by applying Theorem 2:
Instead of connecting the two walk doublets {dy,d2}" and {d1,ds}™ to added vertices,
they are now interconnected to each other. Specifically, the weights ab are added pair-
wise to the edges between di,ds,ds, and a loop of weight 2ab is added to the overlap
dy = {dy,d2} N{dy,ds}, with a and b being arbitrary parameters. Note that, while the
vertex set of the graph remains the same, its topology has now changed by the added
edges (di,ds) and (dg, d3). Again, the pair {u, v} remains cospectral, while the resulting
graph has no permutation symmetry.

Example 8. Fig. 9(a) shows again a graph which, as visualized, is vertically and hori-
zontally reflection symmetric and has (among others) two cospectral vertices u,v and
two uniform even walk doublets {d1,d2}" and {dy,ds} relative to {u,v}. We now use
Theorem 2 to change the topology of the original graph and subsequently Theorem 1
to further extend it by new vertices, with u,v remaining cospectral in the final graph
where all permutation symmetries are broken. Specifically, in Fig. 9(b) we interconnect
the walk doublet {d;,ds}™ to the doublet {u,v}* by uniformly adding edge weights be-
tween their vertices (creating new edges if absent) according to Theorem 2. In Fig. 9(c)
we proceed by connecting a new vertex ¢ to the doublet {d;,d2}" and another new ver-
tex ¢ first to {dy,d3}" and then to {u,v}T (equivalent to connecting ¢’ directly to the
walk quadruplet {(d1,d3)q, (u,v)p}), following Theorem 1. We finally also disconnect
u from v, which leaves them cospectral according to Remark 3.
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(a) (b)

Fig. 9. The highly symmetric graph in (a) with (among other pairs) the cospectral vertex pair {u,v} is mod-
ified by (b) interconnecting the walk doublets {u,v}™ and {d;, d3}" (according to Theorem 2), and then (c)
disconnecting the two cospectral vertices u, v from each other (Remark 3), connecting a new vertex c to the
walk doublet {d;, d>} T, and another new vertex ¢’ to the walk quadruplet {(d1, ds)q, (v, v)s} (Theorem 1),
resulting in a graph with cospectral vertices u, v but no permutation symmetries; see Example 8.

The highly symmetric base graphs in Examples 7 and 8 were chosen unweighted and
without loops for simplicity. Notably, they could easily be enriched by adding loops on
their vertices and weighting the edges such that the indicated cospectral pairs {u, v} are
still present (that is, by respecting the reflection symmetries about the vertical and/or
horizontal axes). Then, the extensions and interconnections described above could still
be performed, creating weighted graphs featuring cospectral pairs without permutation
symmetries.

6. Conclusions

Cospectral vertices offer the exciting possibility of eigenvectors of a matrix H having
local parity on components corresponding to cospectral vertex pairs, even without the
existence of corresponding permutation matrices commuting with H. Here, we introduced
the notion of “walk equivalence” of two cospectral vertices with respect to a vertex subset
of a graph represented by a matrix H. Such subsets, corresponding to what we call “walk
multiplets”, provide a simple and generally applicable method of modifying a given graph
with cospectral vertices such that the cospectrality is preserved. The definition of walk
multiplets is based on the entries of the powers of H and can be expressed in terms of
so-called walk matrices used in graph theory. As we demonstrate here, the concept of
walk multiplets generalizes that of “unrestricted substitution points” (USPs), introduced
for molecular graphs, to vertex subsets of arbitrary size: Any arbitrary new graph can be
connected, via one of its vertices, to all vertices of a walk multiplet relative to a cospectral
pair in an existing graph, without breaking the cospectrality. In fact, USPs turn out to
coincide with walk “singlets”, that is, multiplets comprised of a single vertex. We further
showed how walk multiplets can be used to derive sets of local relations between the
components of an eigenvector with certain parity on a given associated cospectral pair.
As a special case, the eigenvector components then vanish on any walk singlet as well
as on any graph connected exclusively to walk singlets. This relates to the generation of
so-called “compact localized states” in artificial physical setups, also known as “sparse
eigenvectors” in other areas of science. We also presented a scheme in which we use
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walk multiplets to construct a class of graphs having cospectral vertices without any
permutation symmetries.

It is important to notice that the analysis performed here applies also to more than
two cospectral vertices: For any subset S of cospectral vertices, cospectrality is indeed
defined pairwise for any two vertices u,v € S, and thus the walk multiplet framework
applies to any such pair. Our results may thus offer a valuable resource in understanding
and manipulating the structure of eigenvectors in an engineered network system via
its walk multiplets—that is, by only utilizing the powers of the underlying matrix. In
particular, the local eigenvector component relations derived here may be systematically
exploited to deduce parametric forms of eigenvectors for generic graphs with cospectral
pairs; an investigation left for future work.

Let us finally also hint at a possible connection to recent studies of local symmetries
in discrete quantum models, which provide relations between the components of general
states in the form of non-local continuity equations [26,27] and may offer advantages
for state transfer on quantum networks [18]. In this context, it would be intriguing to
explore the possible implications of walk multiplets for the dynamical evolution of wave
excitations on general network-like systems.
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Appendix A. Proofs of theorems

We here restate Theorems 1 to 4 together with their proofs.

Theorem 1 (Walk singlet extension). Let G = G € RN*N represent an undirected graph
with two cospectral vertices u,v, let ME be an even (odd) walk multiplet of G relative
to u,v, and let H be a weighted cone of G over the subset Ml with real weight tuple

Y = (Ym)mem- Then

(i) Vertices u,v are cospectral in H.
(ii) The tip c of the cone H is an even (odd) walk singlet relative to u,v.
(7ii) Any even (odd) walk multiplet in G is an even (odd) walk multiplet in H.
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Proof. We partition any walk of length k in H into the walks restricted exclusively to
G and the additionally generated walks in H visiting the new vertex c. Then we apply
the multiplet condition, Eq. (10), which is valid in the old graph G. For convenience, we
define

¢ 1
A=Y WmlGams BRy= Y vmlH e (A.1)
meM meM

Then, since M? is a walk multiplet relative to u,v in G, we have from Eq. (10) that
ARy =pARy VEeN, pe{+1,-1}. (A.2)

To prove (i), we compute, with walk lengths fulfilling ¢ +n +r = k — 2,

[ ] Gkuu""Z Z Geum mc[Hn]cc c,m’ [Gr] (A?’)

Ln,r m,m’eM
Gk u U + Z Z Gz u mfym Hn]c Cf}/m [GT] (A4)

Ln,r m,m’eM
=[G uu + Y AH ATy (A.5)

l,n,r
:[Gk]v,v +p2 Z AE,?W[Hn]c,cAS:I)W (A6)
L,n,r

:[Hk]v,va (A?)

where we used p? = 1, Eq. (A.2), and the cospectrality of u,v in G. To prove (ii), we
compute, now with £ +n =k — 1,

[Hk]u,c :Z Z [Gg]u,mHm,C[Hn]C,c - Z Z ’Ym[Ge]u,m[Hn]C,c (A.8)

n meM n meM

—Z AypalH™ (A.9)
Zp M H e = p[Hy 0 (A.10)
4n

To prove (iii), we compute, again with { +n =k — 1,

[H*)wom =[G*lum + Z Z (G Hont e [H e (A.11)
Ln m’'eM
=[CMum + > AN H e (A.12)
l,n

so that, multiplying by ., and summing over m € M, we have
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B, =A%+ Y 4, Y A, (] (A.13)
meM 4n
=p AR+ > Y pAH" . (A.14)
meM l,n
=p > Y ([G*o.m +Z A Hn]cm) =p > YmlH o = p B,
meM meM

(A.15)

Note that, if any arbitrary graph C' is connected exclusively to the added vertex c,
then any vertex ¢’ of C' is also a walk singlet relative to {u,v}. Indeed, simply replacing
[H"].e with [H"]. in Egs. (A.8) to (A.10) above leads to [H*], » = p[H*]y e, which
proves Corollary 1. O

Theorem 2 (Walk multiplet interconnection). Let G € RN*N be a graph with a cospectral
pair {u,v} and XP, Y¢ be (in general non-uniform) walk multiplets relative to {u,v}
having same parity p and weight tuples v, 9, respectively, with possible subset overlap
Z =XNY # 0. Then the cospectrality of {u,v} and any walk multiplet relative to {u,v}
with parity p are preserved in the graph H € RN*N with elements

Gy + 720y ife ¢ Z ory ¢ Z

VeeX,yeY
Gay +Yalby + 70z fx,y€Z

H,,=H,,= {

and H; j = G; ; otherwise.

Proof. To prove that the vertices u, v remain cospectral in the modified graph H with
added edge weights H, , — G, as described in the theorem, we will partition the walks
in the new graph into walk segments such that the multiplet relations, Eq. (9), can be
applied for the segments within the old graph G.

We first express the newly generated closed walks from u using (i) walks segments in
the old graph G to reach a vertex of one of the multiplets X (or Y), (ii) the new edge
(that is, the weight added if the edge already existed) to cross to the other multiplet Y
(or X), and (iii) finally coming back to u using walks in the new graph H.

Defining M = X\Z, W = Y\Z, and with added edge weights H;; — G;; = v;0; (resp.
vib; +7;0:) if i, e XUYAN (i ¢ ZV j¢7Z) (resp. i,j € Z), we have

[Hk]u,u = [Gk]uﬂﬂ‘

Z { Z [Gl]u,mf)/m(sw[H] u‘l' Z uz’Yz [Hn]w,u+

I+n+1=k meM,weW 2z€Z,weW
(A.16)
Z [Gl]u,wéw’ym [H ]m u T Z u z z’ym [Hn]m,u+
weW meM z€Z ,meM

(A.17)
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Z [GNoymYm = [H™] 20+ (A.18)
meM,z€Z

> [Cuwbuy=[H") -t (A.19)
weW z€Z

u,z’ \ V2! fyz z o .

> (Gu (20 + 3 (A.20)

2'€L,z€EL

We can now combine sums over subsets as follows: > v+ .cz = D ,cx in (A.16),
and the same in (A.18) with the first term (7./d,) in (A.20). Similarly, Y —w +> ,cz =
> yey in (A.17), and the same in (A.19) with the second term (7.d./) in (A.20). This
yields

H o = [GHuw+ D { D [GNuaV20uw[H wu

l+n+1=k zeX,weW

+ Z u,y Oy Ym [H" |1
yeY,meM
+ Z [Gl]u,w’}/wdz[ z U + Z Gl u Y y’}/z z u}
2€X,z€Z yeY,z€Z
Gk uu+ Z { Z umfy‘r Hn]yu + Z uyény[Hn]x,u}'
l+n+1=k =zeX,yeY yeY,zeX

(A.21)

Next, we account for the walk segments from vertex ¢ = z,y back to u, which have a
similar form:

[Hn]i,u = [Gn]i,u + Z { Z [Hr]i,x”%n’(sy’ [Gs]y’,u

r+st+l=n z'eXy’€Y

+ > [H iy 0y 1[G lar i} (A.22)

y’'eY,x’eX

Plugging this into (A.21), after some sorting and combining of terms we arrive at (with
z, 2’ € X and y,y €Y)

[Hk]u,u — [Gk]u,u +2 Z Z u x’}/x ]y,u+

I+n+1=k T,y

Z Z { u x%ﬁ T]y,y’(sy’%c’[GS]x’,u‘f’

+r+s+2=k z,2’,y,y’
[Gl]u,y(sy%‘ [H" |22 Ve 0y [G®lyr jut
Q[Gl]u@%(gy [Hr]y,m”Ym’éy’[Gs]y’,u} (A23)



8.0 COSPECTRALITY PRESERVING GRAPH MODIFICATIONS 185

C.V. Morfonios et al. / Linear Algebra and its Applications 624 (2021) 53-86 81

It is now evident that [H*], , is equal to [H*], ., by applying cospectrality of u,v in G
and multiplet conditions for X?, Y.

To prove that any general non-uniform walk multiplet QP (with weight tuple e and of
the same parity p as XZ, Y?) in G is preserved in H, we evaluate the following expression
by using Eq. (A.22):

qu[H uq—zgq{Gkuq‘f’ Z Z V2 0y [H y,q

qeQ qeQ r+s+1l=k zeX,ycY

+ Y [CluySyvalH e} (A24)

r+s+1=k yeY,zeX

=p Y €lH" g, (A.25)
qeQ

where in the last step we applied the multiplet conditions for Q?, X7, Y?. O

Theorem 3 (Preserved cospectrality under single vertex additions or deletions). Let G be
a graph with verter set V and with two cospectral vertices u,v € V. Then

(i) The cospectrality of u and v is preserved in the cone H of G over a subset M C V
with weight tuple v = (Ym)mem if and only if ME is a walk multiplet relative to u,v.
(i) The cospectrality of u and v is preserved in the graph R = G \ ¢ (obtained from G
by removing the vertex ¢ € V) if and only if ¢ is a walk singlet in G relative to u,v.

Proof. We start with part (i) of the theorem. If M is a walk multiplet, then cospectrality
of {u,v} is preserved by Theorem 1. For the converse, we assume that {u,v} remain
cospectral, that is

[H*)ww = [H*],» VEkEN, (A.26)

where, with Agl)w defined as in Eq. (A.1),

[Hk]s s — Gk]s s+ Z Z Z s m'Ym n]c,cﬁ/m’ [Gé/]m’,s (A27)

n L4 m,m’'eM

= [CMos + Y A H AL (A.28)

n L0

with s € {u,v}, £,0/ >0, n >0, and £ + ¢ = k —n — 2. We further define

Dz’gl = Aq(f%MIAq(f/) A(e) Aiem)ﬂ = Dg/’g, aglk) = Z D&gl. (A29)

0+0 =k—n—2
£2,0'>0
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Using [G*]uu = [G¥]y,» and substituting the decomposition from Eq. (A.28) into
Eq. (A.26) for s = u,v we arrive at

k—2
[H ) = [HY o = > alP[H"ee =0 Yk €N, (A.30)
n=0

To prove that M is a multiplet, we must show that (dropping the subscript M)
AD =pAY VIeN, pe{+1,-1}. (A.31)

We prove this by induction. For k¥ = 2 (that is, n = 0,¢ = ¢’ = 0), Eq. (A.30) yields
(A2 = (A2 or

AL =p A, (A.32)

so that Eq. (A.31) is fulfilled in zeroth order ¢ = 0. For the induction step, we assume
that Eq. (A.31) is fulfilled up to some arbitrary order r, that is,

AP =p A Vi<, (A.33)

and show that this equation also holds for £ = r + 1. To this end, we evaluate Eq. (A.30)
for k = r + 3. For this choice of k, all but two summands vanish, since the assumption
Eq. (A.33) implies that Dy = 0 if £,¢" < r. We thus obtain Dg ;41 + Dy41,0 = 0, and
since Do r411 = Dy410, it follows that A&O)A&er) = AE,O)AST“). Thus, if A&O) # 0, due
to Eq. (A.32) we get Al = pAE,TH), as desired.

If A = 0, it follows from Eq. (A.32) that also AP = 0, and from Eq. (A.29)
we obtain Doy = Dy = 0 for all /. We exploit this fact by evaluating Eq. (A.30) for
k =r+44,yielding D; 41 = Dy41,1 = 0. Now, if A&l) = (0 we again get Aq(ﬁl) = pAgTH),
as desired. If A&l) = 0, we proceed to the next higher order £k = r 4+ 5, and so on. In
the limiting case where A = 0 for all £ < r, we evaluate Eq. (A.30) for k = 2(r + 2),
which yields D,11 11 = 0 and therefore ATY — pAq(fH). This completes the proof of
the first part.

For part (ii), we first prove that, if ¢ is a singlet in G, then its removal does not break
the cospectrality of u and v. To this end, we use the fact that

[Gk]u,u :[Rk]u,u+ Z [GK]U,C[GTL]C,U (A.34)
l+n=k
=B un+ Y [G0.elGMew (A.35)
l+n=k
and
[Gk]v,v :[Rk]v,v+ Z [GE]U,C[Gn]C,v- (A.36)

l+n=k
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Since u and v are cospectral in G, it follows that [R¥],, = [RF],, for all k, so that
u, v are also cospectral in R if ¢ is a singlet in G. For the reverse direction we need to
prove that, if the cospectrality of u and v is preserved by the removal of a single vertex
¢, then this vertex must be a walk singlet. With G being a cone of R with tip ¢, and
demanding u,v to be cospectral in both R and G, combining part (i) of this theorem
with Theorem 1 immediately gives that ¢ must be a singlet in G. O

A.1. Comment: removal of a general multiplet

Consider removing a walk multiplet M? instead of the singlet c. Then

(CMuw =[R¥un+ D> D G TumlG o [G s (A.37)
l+r+n=k m,m’eM

and cospectrality is preserved in the resulting graph R only if

Z Z Gg u m Gr]m m’ [Gn]m’,u - Z Z Ge v m Gr]m m’ [Gn]

l+r4+n=k m,m’eM l+r+n=k m,m’'eM
(A.38)

for all k. Thus, cospectrality of a vertex pair in a graph is generally not preserved when
removing a multiplet, except if Eq. (A.38) if fulfilled. Assuming a uniform multiplet
(vm = 1 for all m € M), a special case where this occurs is when all pairs {m,m’}
in M are cospectral and, for each such pair, all remaining vertices m” ¢ {m,m’} in
M are singlets relative to {m,m’}. Then [G"],, . can be factored out of the sums in
Eq. (A.38) (taken separately for m = m’ and m # m/') and equality follows from the
multiplet condition Eq. (A.31), for both p = +1. For a walk quadruplet, e.g., the elements
[G" | m,ms would have the form

a b by by
T br G br b’r

Gham =y 3 o | (A.39)
b b by ar

with the values a, and b, generally depending on the power r. For a uniform p-doublet,
this reduces to [G"]m,m = [G"|m/ ms and [G"]p.m/ = [G"|ms.m- This is the case, e.g., for
the walk anti-doublet {3,4}~ in Fig. 3(a) which can be removed without affecting the
cospectrality of the pair {1,2}.

Theorem 4 (Eigenvector components on walk multiplets). Let H = HT € RNXN rep-
resent a graph with a pair of cospectral vertices u,v, and let its eigenvectors be chosen
according to Lemma 1. Then any eigenvector ¢ of H with eigenvalue A\ and nonzero
components of odd (even) parity p on u,v,
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¢u = p¢v 7& 07 pE {+17 _1}7 (15)
fulfills
Z 7m¢m =0 (16)

meM

if and only if MJ? is a walk multiplet relative to u,v with even (odd) parity —p and
weight tuple v = (Ym)meMm -

Proof. Using the spectral decomposition

N
H=Y \¢"¢"" (A.40)
v=1

of H in the orthonormal eigenbasis {¢"}, chosen according to Lemma 1, we have, for
s € {u,v},

N
[HFom =Y XE@¥gr, = > Mgloh, + Y Molen, VEEN,  (AAdl)
v=1

veENT veN—

where we have collected the labels v of eigenvectors with parity £1 on {u,v} into the
set N'* (the remaining eigenvectors with ¢” = ¢” = 0 do not appear in the sum).
Note that Eq. (A.41) incorporates the spectral decomposition of the identity matrix,
Ism = Zi\rzl ¢4 ¢v. for k = 0, meaning that \) = 1 even in the case of zero eigenvalues.
Next we calculate:

[H*um = plHom = (L=p) > Mghor, + (1+p) Y Aohor, (A42)
veN+ veN—

=2 > Mook, (A.43)

veN P

where we used the parity of eigenstates on {u,v}, i.e. ¢¥ = £¢" for v € N'F, so that the
prefactor (1 F p) of the sum over v € N'* vanishes for p = 1. Multiplying by 7,, and
summing over m € M we obtain

B —pBua =2 D Xol Y wmdin, (A.44)
veN—P meM
with ngl\)dl defined as in Eq. (A.1). It follows that, if Eq. (16) is fulfilled with ¢ = ¢”,

for all v € NP, then Bff) = qu(;I?I\)/JI for all k and thus M is a walk multiplet relative
to {u,v} with parity p. Conversely, if M® is a multiplet, then the left side of Eq. (A.44)
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vanishes for all k¥ € N. For k € [0,n, — 1], where n, = [N "P|, we can write Eq. (A.44)
in the matrix form

1 1 1
A\ Ao e A, €1 8
2 2 2 Co
ve=| M A Ay =, (A.45)
._ n._ . n._ Cn O
R .

with coefficients ¢, = 2¢% > i Ym @4, where V' is the (square) Vandermonde matrix
with [V T];; = M7, yielding

det(V)=det(VT) = J[ (=2 (A.46)

1< pu<vng

Now, our choice of eigenvectors ensures that A, # A\, for all v # p with v,p € NP, so
that det(V') # 0. Thus V is invertible, so that Eq. (A.46) yields ¢, =0 for all v € NP,
and since ¢, # 0 we have that > i ymdl, = 0 for all v € NP, completing the
proof. O
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Degeneracies in the energy spectra of physical systems are commonly considered to be either of
accidental character or induced by symmetries of the Hamiltonian. We develop an approach to explain
degeneracies by tracing them back to symmetries of an isospectral effective Hamiltonian derived by
subsystem partitioning. We provide an intuitive interpretation of such latent symmetries by relating them to
corresponding local symmetries in the powers of the underlying Hamiltonian matrix. As an application, we
relate the degeneracies induced by the rotation symmetry of a real Hamiltonian to a non-Abelian latent
symmetry group. It is demonstrated that the rotational symmetries can be broken in a controlled manner
while maintaining the underlying more fundamental latent symmetry. This opens up the perspective of
investigating accidental degeneracies in terms of latent symmetries.

DOI: 10.1103/PhysRevLett.126.180601

Introduction.—Identifying the origin of spectral degen-
eracies in quantum systems is of fundamental importance
for the understanding and control of their structural and
dynamical properties. Degenerate states are at the heart of
spectacular phenomena like the Jahn-Teller effect [1] and
the quantum Hall effect [2,3] as well as the electromagnetic
response of, e.g., atoms or molecules [4,5] in general. In
lattice systems designed macroscopic degeneracies can
realize flat bands within a variety of setups including
optical lattices, photonic waveguide arrays, and super-
conducting networks [6]. Further, degeneracies in the form
of conical intersections of molecular potential energy
surfaces play a central role for ultrafast dynamical decay
processes [7,8] and are responsible, e.g., for molecular self-
repair mechanisms in photobiology [9].

When degeneracies occur in the energy spectrum, the
first place to seek their origin is commonly the group of
geometrical symmetry operations commuting with the
underlying Hamiltonian. Prominent examples for such
symmetries are the molecular point group in chemistry
or the space group in crystallography. If this group is non-
Abelian—that is, if at least two symmetry operations do not
commute with each other—it induces degeneracies of
multiplicities determined by the dimensions of the group’s
irreducible representations. More challenging is the reverse
question of assigning degeneracies to a symmetry group
with a physical significance [10,11]. A famous example of
a physically significant, yet not obvious, symmetry from
the early days of quantum theory is the SO(4) symmetry
leading to the conservation of the Runge-Lenz vector in the
hydrogen atom [12]. If no such physically meaningful
symmetry group can be found, the degeneracy is tradi-
tionally called accidental [13]. This often occurs for

0031-9007,/21/126(18)/180601(5)
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systems with several or many degrees of freedom where
eigenenergies happen to coincide at some location in the
corresponding parameter space, intersections of molecular
potential energy surfaces being a typical example [14].

In this work, we promote a different viewpoint on assign-
ing degeneracies to symmetries of the system. Instead of
performing a symmetry analysis of the Hamiltonian itself, we
do this for the effective Hamiltonian obtained from the
original one by reducing it onto a subsystem while retaining
the energy spectrum. We note that its core property—the
preservation of the energy spectrum—clearly distinguishes
this approach from those which analyze the symmetries of an
effective model obtained by truncation or a mean-field
ansatz. Focusing on generic discrete models, we here show
how geometrical symmetries of the isospectrally reduced
Hamiltonian induce spectral degeneracies for the original
system. Such latent symmetries, as introduced recently in
graph theory [15], are generally not apparent in the original
system at hand. In fact, as we show here, they are directly
linked to corresponding local symmetries, though in all
powers of the original Hamiltonian. Navigating through the
proposed concepts, visualized by minimalistic examples, we
(i) show how non-Abelian latent symmetries are necessarily
induced by rotation symmetries of a real Hamiltonian, and
(ii) demonstrate that these latent symmetries, along with their
induced degeneracies, can be preserved even when breaking
the original rotational symmetry. Lastly, we link a special
case of latent symmetry to what we call here a generalized
exchange symmetry of the Hamiltonian.

Degeneracies from latent symmetries.—The concepts
and results developed in this work are valid for generic
setups described by a finite-dimensional matrix. This
matrix can be drawn from a wide range of physical

© 2021 American Physical Society
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platforms: It could represent a Bloch Hamiltonian of a
tight-binding lattice [16], a molecular Hiickel Hamiltonian
[17,18], a multiport scattering matrix [19], or very gene-
rally the matrix H occurring in (linearized) dynamical
problems [20], such as coupled oscillators [21]. To convey
the main ideas in a transparent way, we will illustrate it by
means of minimalistic prototypical setups.

In order to reveal the latent symmetries of a general
complex matrix H, we will rely on a dimensional reduction
of H which preserves the eigenvalue spectrum. This
isospectral reduction is defined as [15,22]

Rs(H,A) = Hgg — Hgg(Hgs — AI)'Hgs, (1)

whereby S is a set sites and S denotes the complement set of
all other sites of the given setup. Hgg and Hgz denote the
respective Hamiltonians of the sub-systems consisting only
of the sites in S or S. Hg and H g5 represent the coupling
between the two sub-systems, and / is the identity matrix.
The isospectral reduction Rg(H,A) is equivalent to an
effective Hamiltonian gained from a subsystem partitioning
of H [23], and its entries are rational functions of the
parameter A.

A Hamiltonian H is latently symmetric if there exists an
isospectral reduction Rg(H, 1) with a symmetry, that is,
which commutes with a group of matrices {M} indepen-
dent of 1. We now demonstrate this concept by means of the
simple 6-site Hamiltonian H depicted in fig. 1(a). This
Hamiltonian illustrates the minimal prototype of a system
with non-trivial latent symmetry. H is parametrized by
three real coupling parameters i; # 0, i € {1,2,3} and two
on-site potentials v, v,. The eigenvalue spectrum of H
contains two doubly degenerate eigenvalues for any choice
of these parameters. To explain these degeneracies in terms
of latent symmetries of H, we reduce it by means of Eq. (1)
over S = {1,2,3}. This yields the symmetric matrix

RS:{I,Z,S} (H’ /1) =

S S Q
SRS TN

b
bl (2)

Wlth a =11 —+ (h% + ]’l%/ﬂv - ’1}2), b = (hlhz/j. - ’1)2) + h3.
A graphical representation of Eq. (2) is depicted in
Fig. 1(b). The graph is highly symmetric and is invariant
under six symmetry operations: three rotations and three
reflections. These six operations form the so-called dihedral
group D5, which is non-Abelian.

We now draw a general connection between non-Abelian
latent symmetries of a given Hamiltonian H and its
eigenvalue spectrum. To this end, we use the fact that
each of the so-called “nonlinear” eigenvalues belonging to
Rs(H, ) in Eq. (2), defined as the solutions A; to the
nonlinear eigenvalue problem

(@

a(A, hi, v)

a()\, hi, U,',)

(c) @D Bk, =0,k,)

—XQXS—‘X‘ z
:;, @ i,.; X 0

e

- ky T

FIG. 1. (a) A six-site Hamiltonian H which features a non-
Abelian D5 permutation symmetry if h; = h,, but only an
Abelian C; permutation symmetry if sy # h,. A line between
two different sites i, j corresponds to a nonvanishing matrix
element H, ;, taking parametric values &y, h,, or h3 (indicated by
different line styles). Loops connecting a site to itself correspond
to diagonal matrix elements H,; with parametric values v; or v;.
(b) The result of the isospectral reduction of H over the three red
sites § = {1,2,3}. The reduced Hamiltonian [Eq. (2)] features a
D5 permutation symmetry for any choice of 4, h;, or v;. (c) A
modified kagome lattice with H as a unit cell. The band structure
of this lattice for k, = 0 is plotted in (d) for hy = 4/3, h, =5/3,
hy =0.7, hy =3/2, v; = 0.

Det[Ry(H. 4;) = A1) = 0 3)

is also an eigenvalue of H [22]. Moreover, whenever the
eigenvalue spectra of H and of the subsystem H3g do not
intersect, the eigenvalue spectra of Rg(H,A) and H
coincide [22]. This motivates calling Rg(H,1) an
“isospectral reduction.” From the above considerations, it
is clear that degeneracies in the eigenvalue spectrum of
Rs(H, ) necessarily correspond to degeneracies in the
eigenvalue spectrum of H. Moreover, and as we show in
Sec. I. of the Supplemental Material [24], non-Abelian
symmetries of the isospectral reduction Rg(H, A) lead to
degeneracies in the spectrum of its nonlinear eigenvalues.
Thus, non-Abelian latent symmetries of H necessarily
induce degeneracies onto the eigenvalue spectrum of H.
Specifically, lower bounds on the multiplicity of H’s
eigenvalues are given by dimensions of the irreducible

180601-2
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representations of the underlying non-Abelian symmetry
group of Rg(H, 4).

We emphasize that the above statements are completely
general in the sense that they are valid for all kinds of latent
symmetries (not just permutations), and for arbitrary (even
non-Hermitian) diagonalizable matrices H. Irrespective of
this applicability to general symmetries, we concentrate on
the special case of permutation symmetries throughout this
Letter. After all, permutation symmetries are among the
easiest to detect—often by bare eye—and thus provide a
convenient workhorse for depicting the main features of
latent symmetries.

In the above, we have explained the spectral degener-
acies of the prototype example Fig. 1(a) in terms of its
latent symmetries. This system has been deliberately
designed to be as simple as possible in order to convey
the main ideas of latent symmetries. The underlying
concept is, however, not limited to such basic examples,
but can be applied to larger systems, as we demonstrate
now. Figure 1(c) shows a lattice built by taking the
prototype Hamiltonian H of Fig. 1(a) as a unit cell. The
band structure of this lattice is depicted in Fig. 1(d). At the
I' point, that is, at k =0, the corresponding Bloch-
Hamiltonian features the same latent symmetries as H in
Fig. 1(a). This explains the two double degeneracies in the
band structure [24]. Interestingly, the lattice further hosts
two flat bands, which in general can also be designed
through latent symmetries [30].

Latent D, permutation symmetries.—Let us now exam-
ine the symmetries of the prototype example of Fig. | in
more detail. This setup is invariant under permutations
which cyclically permute sets of three sites, graphically
represented by rotations of multiples of 2z/3. These
rotations form the abelian cyclic group of order 3, denoted
by C;. As we have seen above, the setup also featured a
latent D3 permutation symmetry, and this is no coinci-
dence. Indeed, as we show in the Supplemental Material,
every C,-permutation symmetric real Hamiltonian H fea-
tures a latent D, permutation symmetry [24]. As is well
known, the dihedral group D,, is non-Abelian for n > 3, so
that the underlying Hamiltonian automatically features
degeneracies. This gives an alternative explanation to those
degeneracies, which are classically understood in terms of
the combination of the Abelian group C,.; and the real
valuedness of H which corresponds to a time-reversal
symmetry of H [31].

Latent D, symmetries without any permutation
symmetries.—Above we have stated that a C,, permutation
symmetry of a real Hamiltonian is a sufficient condition for
a latent D, permutation symmetry. However, it is not a
necessary condition. Indeed, we demonstrate in the follow-
ing the versatility of latent symmetries by showing that they
can even exist when the underlying Hamiltonian H has no
permutation symmetry at all. Figure 2(a) shows an example
of such a Hamiltonian H, which can also be interpreted as

@) T ©

(b

FIG.2. (a) A Hamiltonian thatfeatures no permutation symmetry
for hh'h"” # 0 and i’ # h”. It does, however, feature a latent D;
permutation symmetry that becomes visible when reducing over
S ={7,8,9}. (b) Alattice whose Bloch-Hamiltonian Hz atk = 0
equals H. The dotted box shows the lattice unit cell. (¢) The band
structure of this lattice for k, =0,h = 1,h' = 1/2,h" = 3/4.

the Bloch Hamiltonian Hz(k = 0) of the lattice in Fig. 2(b)
at crystal momentum k = 0. A detailed derivation of this
lattice is shown in Sec. V of the Supplemental Material
[24]. For hi/h" # 0 and W' # k", H does not feature any
permutation symmetry. However, for any choice of those
three hopping parameters, it features a latent D3 symmetry
which becomes visible when reducing H over the three red
sites S = {7,8,9}. As a result of this non-Abelian latent
symmetry, H has at least one doubly degenerate eigenvalue
pair for any choice of 4’ and h”. We can now understand the
two double degeneracies in the band structure [depicted
in Fig. 2(c)] of the lattice of Fig. 2(b) at k, =k, = 0:
At this point, the Bloch-Hamiltonian is given by H, so
that it features a latent D; symmetry and therefore also
degeneracies.

Interestingly, when setting ' = 1", H features a C,
permutation symmetry, graphically corresponding to a
reflection about the line connecting the sites 4 and 7.
One can thus say that 2’ and 4" are control parameters for a
symmetry breaking, and since H features a latent D;
permutation symmetry for any choice of h,n',h”, this
opens the perspective of investigating and understanding
symmetry breaking in terms of latent symmetries. In
Sec. III. of the Supplemental Material, we show how latent
symmetry preserving modifications (which may break
permutation symmetries) can be derived [24].

180601-3
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Linking latent to local symmetries.—One might wonder
if a latent symmetry leaves some recognizable traces in the
original Hamiltonian. This is indeed the case: By express-
ing Rg(H,A) as a power series in A and subsequently
analyzing it order by order, one can show [24] that

[Rs(H.2).M] =0 [(H)ss.M] =0 ¥ k. (4)

where M denotes a symmetry operation. In other words,
symmetries of Rg(H, ) correspond to local symmetries
[32,33] of H in all matrix powers. In particular, H itself has
to be locally symmetric. Indeed, for our introductory
example of Fig. 1(a) and S = {1,2,3}, we see that Hgg
denotes the inner triangle, which obviously features the
same symmetries as the corresponding isospectral reduc-
tion Rg(H, 1) depicted in Fig. 1(b).

Equation (4) can be used to facilitate the search for latent
permutation symmetries. To this end, let us assume that we
are given a (possibly large) Hamiltonian H and want to
check if it features a latent permutation symmetry as the
one depicted in Fig. 1(b). In other words, we look for a set
of three sites S = {u, v, w} such that Rg(H, 1) has the form
of Eq. (2). Now, instead of computing and checking all
possible isospectral reductions of H over three sites, we can
use Eq. (4) to see that any candidate sites u, v, w necessarily
have to fulfill (H), , = (H"),, = (H"),,,, for all k. This
condition can be augmented by employing the Cayley-
Hamilton theorem, which states that any matrix power
H*N (N being the dimension of H) is a polynomial in
smaller powers. Thus, by computing the matrix powers
H.H?,...,H"'—the cost of which grows polynomially
with N—and grouping the sites accordingly, the number of
possible candidate sites {u,v,w} can be drastically
reduced. In particular, if there is any k such that H*
features no three sites with equal on-site potential
(H*), ;, a latent symmetry of the kind Eq. (2) is impossible.

Generalized exchange symmetries.—Having demon-
strated the relation of latent symmetries to symmetries of
the subsystem Hgg and to degeneracies of H, we finally
relate a subclass of latent symmetries to symmetries of the
original Hamiltonian H. This subclass consists of latent
permutation symmetries of real Hamiltonians. Using graph-
theoretical tools [34,35], such Hamiltonians can be shown
to necessarily feature what we call here a generalized
exchange symmetry (GES). A GES is an orthogonal
symmetric matrix QU/) fulfilling [QU/),H] =0 and
(QU))2 = I and which exchanges the two sites i, j while
acting on the remaining sites as an orthogonal trans-
formation. In the special case when this transformation
is a pure permutation, Q("/) becomes a normal exchange
symmetry, i.e., it acts on each site either as the identity or as
an exchange operator. To provide an impression of the
GESs, we explicitly computed—by solving the equations
derived from its defining properties—Q(? for the
Hamiltonian of Fig. 1(a):

01 0 0 0 0
1 0 0 0 0 0
0O 0 1 0 0 0
Q<1 D= 0 0 O h‘;’? - %% hl(h;{—hz) (5)
000 1-% mnh) iy
0 0 o Mnlu=h) % 1— 5

with d = h3 — hyh; + h3. Note that for the case of h; = h,
the GES QU2 becomes the ordinary exchange symmetry
which permutes (1,2), (5,6), and leaves 3 and 4 invariant,
and therefore describes the reflection about the line that
connects sites 3 and 4 in Fig. 1. However, in the case where
hy # h,, this pure permutation symmetry is broken,
whereas the more abstract GES persists. We note that,
while the GESs as an abstract symmetry class persists, the
matrix entries of Q%) depend on h, and h,. This is an
important difference to the latent D5 permutation symmetry
of H, whose matrix representation is independent of the
values of ;.

Finally, let us note that one can use the above insights to
prove the existence of degeneracies for real latently D53
permutation symmetric Hamiltonians in yet another way
[24]. Such Hamiltonians feature more than one GES, and
by explicitly constructing them it can be shown that at least
two of them do not commute with each other. Since the
Hamiltonian H commutes with both of these GESs, it
directly follows that H has to have at least one degenerate
eigenvalue. It remains an open task to classify GESs using
group-theoretical tools.

Conclusions.—We have provided a theoretical frame-
work which connects non-Abelian latent symmetries of
generic discrete models to their spectral degeneracies. For
the important class of latent permutation symmetries, our
results may allow for a geometrical explanation of appa-
rently accidental degeneracies. Moreover, by identifying
latent symmetries as local symmetries of all powers of the
Hamiltonian, our results additionally suggest a convenient
method for finding these latent symmetries. We further
demonstrate that it is possible to break symmetries of an
original Hamiltonian while preserving its latent symmetry.
This may inspire techniques to modify—or probe—a given
system asymmetrically without affecting its degeneracy.

Our considerations apply quite generally to physical
systems possessing a discrete representation in terms of a
finite-dimensional matrix. This includes, among others,
tight-binding models, molecular Hamiltonians in truncated
orbital bases, and multiport scattering setups. We therefore
envision the applicability of our results in a broad variety of
setups, contributing to the better understanding, design, and
control of spectral degeneracies beyond conventional
symmetries.
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Supplemental Material

In this supplemental material, mathematical details of the proofs for the results presented in the main text as well
as the Bloch-Hamiltonians for the lattices depicted in Figs. 1 and 2 of the main text are included. It is structured
as follows. In section I we derive a connection between latent symmetries of H and degeneracies in its eigenvalue
spectrum. Section II relates latent symmetries of H to local symmetries of H in all matrix powers. In section III
we develop the concept of complement multiplets, which allow one to perturb a Hamiltonian featuring a latent
permutation symmetry without breaking this symmetry. In section IV we provide details on the generalized exchange
symmetries. Section V shows the derivation of the Bloch Hamiltonians for the lattices of Figs. 1 and 2 of the main
text. Section VI contains auxiliary Lemmata used in proofs of Theorems in this Supplemental Material.

Throughout the following, I denotes the set of values of A for which the isospectral reduction Rg(H, \) is defined.

I. THE RELATION BETWEEN THE SYMMETRIES OF THE ISOSPECTRAL REDUCTION AND
DEGENERATE EIGENVALUES OF THE HAMILTONIAN

In the main part of this work, it was stated that non-abelian latent symmetries of a Hamiltonian necessarily induce
degeneracies onto its eigenvalue spectrum. A key in proving this statement lies in the application of representation
theoretical tools to the isospectral reduction, which we shall do in the following

Theorem 1: Symmetries of the isospectral reduction and degeneracies of H

Let Rs(H, A) be the isospectral reduction of the Hamiltonian H over a set of sites S, and let G be a finite
group with elements {g} represented by matrices {I'(g)}, and let Rs(H,\) commute with all of them, i.e.,
[Rs(H,\),T'(g))]=0VAelL,req.

Let T be decomposed into n pairwise non-equivalent irreducible representations 1:1 of G with multiplicities
a; # 0 and with dimensions d;, that is, there exists an invertible matrix A such that

n

I'(g) = AT(g9) A = P TP*(g) Vg e G (1)

i=1

where @ denotes the direct sum, and M® = M @ ... @ M. Then for each a; the eigenvalue spectrum of H
—_—
k—times
contains at least a; eigenvalues that are (individually) d;-fold degenerate.

Proof. Rs(H, \) represents a whole family of matrices parametric in A\. Each matrix in Rg(H, \) commutes with the
representation I'(g) of each group element g of the finite symmetry group G. Thus, employing Schur’s lemma, it is
easy to prove that for each A € IL, Rg(H, \) is block-diagonalized by the same similarity transformation

R's(H,\) = ARs(H,\) A™! = @ B;(\) (2)
=1

with B;(A) being a (a; d;)-dimensional matrix. Moreover, due to Schur’s lemma, each B;(A) can be further block-
diagonalized by permuting its rows and columns, thereby yielding

R"s(H,\) = PR's(H,\) P~ = é bP4(N) (3)

=1

with P denoting the corresponding permutation matrix, and b;(A) a matrix of dimension a;.

If we denote by W, the set of rational functions p(\)/q(\) with the numerator degree being less than or equal
to the denominator degree, then every matrix element (Rg);; € W, [1]. Moreover, since W, is closed under linear
transformations, (R"”g);; € W,. This means that every a;-dimensional block b;(A) of R”g, when being solved for
its non-linear eigenvalues via det (R”s(H,\) — AI) = 0, features at least a; solutions [1]. Since R”g features d;
such blocks and since every eigenvalue of Rg(H, \) is also an eigenvalue of H [1], it follows that for each irreducible
representation I'; of dimension d; and multiplicity a; the Hamiltonian H contains at least a; eigenvalues that are
(individually) d;-fold degenerate. O
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II. THE CONNECTION BETWEEN SYMMETRIES OF THE ISOSPECTRAL REDUCTION AND
LOCAL SYMMETRIES OF H*

One of the main results of this work is the relation between latent symmetries of a matrix H and its local symmetries
in every matriz power. This result was given without proof in the main part of this work, and is proven below.

Let Rs(H, \) denote the isospectral reduction of H over some set of sites S, and let A € CI¥IXISI| where |S|
denotes the number of sites in S. Then

[A,Rs(H,N]=0¥ el & [A,(H’“)S’S}:OVkZO, (4)

where (H")gs s denotes the submatrix derived from H* by taking the rows and columns corresponding to the
set S.

Proof. “=” can be shown by induction. The initial case k = 0 is trivially fulfilled. The next step is to assume
[A, (Hk)ss} = 0 holds for all 0 < k < k’ and then to show it holds also for 0 < k < k¥’ + 1. By partitioning the

matrix H into blocks over S and its complement S the following identity can be shown to hold:

k=2 k—2—m
(Hk)s,s = (Hkil)s,s Hs,s + Z (H™)ssHs g (H§,§) Hg s. (5)

m=0

Evaluating the commutator of A with eq. (5) for &k = k' +1 and applying the induction assumption along with eq. (26)
of lemma 3 we get [A, (H’“H)S S} = 0, which completes the induction.

“«<”: First, we evaluate the commutator of A with eq. (5) and apply the assumption [A, (Hk)s S} =0VEk>0.

1
Next, again by induction we can show that |A, Hg 5 (Hg_’g) Hz | =0V 1> 0. To prove that [A,Rs(H,\)] =0
for all A € L we use the identity eq. (28) for Rs(H, A) from lemma 4. Since [A, Hgg] = 0 by assumption and
n
4,85 (Hss) Hg.g| =0¥n=0by induction, we have that [4, Rs(H, \)] = 0 for all A € L. O

III. MODIFICATIONS PRESERVING LATENT PERMUTATION SYMMETRIES

Given a Hamiltonian H € CV*¥ with a latent permutation symmetry, it is often possible to modify H while
keeping this symmetry. In particular, by analyzing the matrix powers of H, a large class of such latent-symmetry-
preserving modifications can be found, as we derive in the following. We will start by defining what we call complement
multiplets.

Definition 1: Complement multiplet

Let S be a set of sites of a hermitean Hamiltonian H € CV*V that is, S € {1,...,N}, and S denote its
complement (i.e., all other sites of H). A set M of sites of H with M C S forms a complement multiplet with
respect to S if

Z(Hﬁk) —c,eCVseSk>0. (6)

s,m
meM ’

where H is obtained from H by setting the couplings between S and S to zero.

J

Once a (subset of ) complement multiplets have been identified, they can be used to modify the Hamiltonian without
breaking the underlying latent symmetry, with the procedure and its proof detailed in the following
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Let S be a set of sites of the hermitian Hamiltonian H € CN*N . If one modifies H — H € CV+DX(N+1) py
adding a single site ¢ (with arbitrary on-site potential) and subsequently coupling each complement multiplet

M; of H to the site ¢ with the coupling h;, i.e.,

Hﬂc,c = H:,z = Z h‘ja (7)

xEM]‘
with the star denoting complex conjugate, then the isospectral reduction changes as
Rs(H,\) = Rs(H, ) + a(A)J, (8)

with a()\) being a rational function in ), J € RISI¥IS|is a matrix of ones, and where |S| denotes the number of

sites in the set S. In particular, if S is latently permutation symmetric in H, it remains latently permutation
symmetric in H.

Proof In order to show eq. (8) holds, we evaluate the difference between Rg(H, ) and RS(H A). To this end, we define

H as the matrix obtained from H by adding the site ¢ without connecting it, and by lemma 2, ’RS(H A) = Rs(fl, A).
Further, we denote S, = S U ec. Next, for a sufficiently large Ao and |A\| > Ao > 0, the matrix inverses occurring

in Rs(H,\) and Rs(ﬁ ,A) can be simultaneously formulated as convergent Neumann series. Finally, we note that
Hgg = Hgg and Hg,. = Hg . = 0. We arrive at:

Rs(H,\) — Rs(H,\) = i Hys [<H§7§)k—1 - (ﬁs—ms—c)k_l} Hy ot 9)
k=1

:iﬁSE {(Hﬁs) . (ﬁﬁ,é) k_l] Hg gt* (10)
k=1

where ¢ = 1/A. In the following, we abbreviate the terms in square brackets of eq. (10) by the matrix A S . We

further denote by H and H the matrices obtained from H and bis , respectively, by decoupling the set of sites S from
the remaining sites.

Using a graph-theoretical interpretation (see Ref. [2]) the (4, j)-th matrix element of AL, can be expressed in terms

of walks in a graph G(H) of length k starting at site 5;, that is, the i-th element of S7 and ending at site 5; while
necessarily visiting the new site ¢ at least once. This yields

s v (2 @), ) (@) (X ne) ) o

2+1+m+n=Fk rEU;M; T \zeu;M;

Next, we replace H, . by eq. (7) and multiply eq. (11) with JSISE on the left and its transpose on the right (compare
with eq. (10)):

> |(Z s (i) ) (1) (S 0 (), s ) ®
2+1l+m+n=k i xTEM i x€eM
Using eq. (6), we recognize that - ;- H 3 (ﬁl)g = cl(l)ls with an-all constant |S|-dimensional vector Tg.
. "
This means that the matrix in eq. (12) is proportional to all-one matrix .J with a constant pre-factor a(¥) =

Y otitmanek {(Z h; c(l)) ( ) (Z hi c(z)) } Inserting this result in eq. (10), we obtain that a()\) from eq. (8)

equals Y50 a*=V (% ) for |A| > )\0
Finally, we note that the left-hand side of eq. (10) is a rational function of A. Since it equals a(A) J ¥V |A] > Ao, by
the identity theorem for polynomials it must be equal to a()) J also for |A] < Ao, A € L. Now, since J commutes

with any permutation matrix, each latent symmetry of H is preserved in H. O
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IV. THE CONNECTION BETWEEN (LATENT) C,~2 SYMMETRIES AND DEGENERACIES FOR
REAL-SYMMETRIC HAMILTONIANS

In the following, we will present more details on the concept of generalized exchange symmetry (GES). We will then
use these to finally prove theorem 5, which states that, for real-valued Hamiltonians, a more than twofold rotational
symmetry (that is, a symmetry C,,s2) necessarily leads to a non-abelian latent D,, symmetry.

As explained in the main part of this work, each generalized exchange symmetry (GES) is given by a symmetric
orthogonal matrix Q(**) which permutes two sites u,v while acting as an orthogonal transformation on the others.
The Q(“) were introduced in Ref. [3], where it has been shown that, for real Hamiltonians, Q) exists if and only
if (H*)y. = (H*),, for all k. In this case, the eigenvalue spectra of H \ u and H \ v coincide, and the two sites u
and v are said to be cospectral [3].

Similar to Ref. [4], we will now explicitly construct Q) by means of projectors. To this end, we first choose the
eigenstates according to the following

Lemma 1: Lemma 2.5 of Ref. [5]

Let H be a real symmetric matrix, with 4 and v cospectral. Then the eigenstates {|¢)} of H are (or, in the
case of degenerate eigenvalues, can be chosen) as follows. For each eigenvalue A there is at most one eigenstate

|¢) with even local parity on u and v, i.e., <u\¢£+)> = <v|¢§+)> # 0, and at most one eigenstate ¢ with odd
local parity on u and v, i.e., <u\¢§_)> =— (v|¢§_)) # 0. Here, |z) denotes a vector which possesses the value

one at site  and zeros on all other sites. All remaining eigenstates for A fulfill (u|¢§0)> = (v|¢§o)) = 0. The
even (odd) parity eigenstate can be found by projecting the vector |u) & |v) onto the eigenspace associated
with A.

With this choice of the eigenstate basis, we state the following

Let the orthonormal eigenstates {|¢)} of H be chosen according to lemma 1, and define the projectors

P =318 8P, PO =3 0107) (601 B =30 18) (4] (13)

Then Q@v) = P 4 p¥) _ p() fuifills

(Q(u7v))71 _ (Q(u,v))T _ Q(u,v)7 Q(u,v) |u> — |v> (14)

Proof. The property (Q(“*)~1 = Q(“*) follows simply from the fact that the projection matrices eq. (13) are
idempotent. (Q*)T = Q(*?) follows from the fact that one can choose the eigenvectors of H to be real-valued,
so that the projector onto the eigenspace associated to any eigenvalue is real, thereby rendering also the projection
matrices eq. (13) real and therefore also symmetric.

In order to prove that Q") |u) = |v), we use lemma 1 and the orthonormality of eigenstates |¢;) to get
W|QUYu) = (QW),,, = > (uldi) (¢ilu) = 1. Additionally, since Zi(QSZf”))Z = ZZ_(QEJZ’”))Q = 1 due to the
orthogonality of Q)| it follows that (Q(“’“))w = d;, and (QUY),; = i - O

With these prerequisites and a good understanding of the concept of GES, we are now finally able to prove
the connection between C), rotational symmetries of a real Hamiltonian and the necessary emergence of D,, latent
permutation symmetries, explicated in the following

Let H € RV*N be a real symmetric Hamiltonian that features a latent or non-latent C, - permutation
symmetry. Then

e H necessarily also features a latent D,, permutation symmetry and features at least L";lj pairs of doubly

degenerate eigenvalues, where |z] rounds 2 down to the nearest integer.

e There exist two GESs of H which do not commute with each other.
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Proof. o If H features a (latent or non-latent) C),~2 permutation symmetry, then there is at least one set S of n
sites and a m X n permutation matrix P fulfilling

PF£IV1<k<n, PP=1I, [Rs(H,\),Pl=0Y\eL (15)

where I is the identity matrix. Together with the symmetry and real-valuedness of H, this property implies
that the rows and column of Rg(H, \) can be permuted such that it is a real symmetric circulant matrix. It is
known that such matrices commute with the permutation matrix corresponding to the operation that performs
a flip about the anti-diagonal. Together with the cyclic permutations of order n, this operation generates the
dihedral group D,,, and H thus features a latent D,, permutation symmetry.

Next, we note that it is known that the eigenstates of real symmetric circulant matrices are independent of their
entries [6], here in particular independent of A. Using them to diagonalize Rg(H, A) one obtains a diagonal
n X n matrix with entries f;(A\) € W, ,j =1,...,n, that is, rational functions p;(X)/g;(A) with the numerator
degree being less than or equal to the degree of the denominator. The eigenvalues of Rg(H, A) are thus given
by the sum of the multisets denoting the solutions to f;(A) —A = 0. Similar to the proof of theorem 1, it can be
shown that each of these equations has at least one solution. Furthermore, f;(A) = fn—;(A), because Rg(H, \)
is not only circulant but also real-symmetric. Finally, since every eigenvalue of Rg(H, A) is contained in the

spectrum of H [1], we conclude that H has at least |“5*] pairs of doubly degenerate eigenvalues.

e From the above and from theorem 2 we have [(Hk)s g0 P} =0 for all £ > 0, i.e. (Hk)s ¢ 1s a real symmetric

circulant matrix. In each power k, the diagonal elements (H k)“ = (H k)jj V i,j are pairwise equal, meaning
that each pair of sites in S is cospectral. By Ref. [3], for each such pair there is a GES Q"9 which commutes

with H and theorem 4 applies.

For the sake of simple notation let us now assume that the sites of H are labeled (if this is not the case, one can
easily renumber the sites accordingly) such that s; — i, with P permuting the sites in S = {s1,..., s/} such
that the site ¢ < n is mapped onto the site ¢ + 1, and n onto 1. The fact that (Hk)s’g is circulant symmetric
then implies (H*)1 2 = (H*)2,3 V k. In the terminology of Ref. [2], site 2 is a walk-singlet w.r.t. the cospectral
sites 1 and 3. Thus, by Theorem 4 from Ref. [2], the eigenstates of H [chosen according to lemma 1 for the
cospectral pair 1 and 3] with negative parity on cospectral sites vanish on site 2. By combining the projector
definition of Q(® with the completeness relation of eigenstates one can show (Q(l’?’))2,2 = 1. Furthermore,
since Q%) is orthogonal, the matrix elements (Q(l’?’))g,j = d2,j. On the other hand, site 3 is not necessarily a
singlet for the cospectral pair 1 and 2. Specifically, we have

001 0190
Q=100 0] gua_|10 — (16)
0 A 0 T 1B

where A, B € RIW=3)x(N=3) and b € RE*WV=3) Since the upper left 3 x 3 block of the commutator of the above
two matrices does not vanish, these two matrices do not commute.

O

V. BAND-STRUCTURE CALCULATIONS

To derive the Bloch-Hamiltonian Hp(k) = Hp(ks, ky), we follow the convention of Eq. (2.75) of Ref. [7]. To this
end, let |mg) denote the state which is completely localized on site m of the unit cell located at position R. For our
two-dimensional lattices, the vectors R = Ady + Bdy, where A, B are integers and @ o are the two primitive vectors
describing the lattice. The Bloch-Hamiltonian can then be written as

(Hp(K)) = ) €™ (mo| Hrlmer) (17)
R

where Hj, denotes the Hamiltonian of the infinite lattice.
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6
A. Bloch-Hamiltonian for the modified Kagome lattice
With @ = (1,0)7, @ = (1, %2)7, we obtain the Bloch-Hamiltonian of Fig. 1 (c) of the main text as
0 hs hs ha 0 hy
hs 0 hg ha ha 0
h3 h3 0 0 h1 h2
N EL .
ha hy 0 0 hae < 2 2> hye~ ke (18)

0 hy h4€_i<\/§;y—%> 0 h4e_i<%+@>

()

hl 0 h2 h4€ik"; h4€

At k, = k, = 0, the isospectral reduction of the Bloch-Hamiltonian over the sites S = {1,2,3} then has the
structure

b(A) a(A) b(N) |- (19)
Thus, the Bloch-Hamiltonian features a latent D3 permutation symmetry at k = 0.

B. Construction of the Bloch-Hamiltonian belonging to Fig. 2 (b)

Let us here briefly discuss how one could build a lattice from the Hamiltonian depicted in Fig. 2 (a) of the main
text. The basic idea is to interpret H as the Bloch-Hamiltonian Hpg of an extended lattice, evaluated at the I'-point,
that is, H = Hg(k = 0). Out of the many possible ways to achieve this, we here first remove the three curved
couplings—the ones between sites (6,11), (5,10), and (4, 7)—from H, and use the resulting system Hyc as the unit
cell of a lattice, as depicted in Fig. 2 (b). The corresponding Bloch-Hamiltonian Hg (k) = Hye + Hic(k) is the sum
of the unit cell Hamiltonian Hy¢ and a k-dependent inter-cell coupling Hre (k). The matrix elements of Hrc (k) are
obtained by taking an arbitrary reference unit cell, A. For each site ¢ in A that is connected with coupling h;; to a
site j in an adjacent unit cell B, (Hic(k));; = hij e Ras with R,p denoting the vector pointing from A to B, as
one can show by means of eq. (17). At k = 0, all complex exponentials in H;¢ (k) become unity, and one can design
Hp(k = 0) = H by suitably connecting the initial unit cell to its neighbors. For the above choice and by chosing
@ = (0,1)T, @ = (5 cos(r/6), 1), we then obtain the Bloch-Hamiltonian of Fig. 2 (b) of the main text as

Osxs C
20
( Ct 05><5> (20)

with 0,,x, denoting the n x n matrix of zeros, and

h h 0 0 R
ho0 h % 0
oh h h 0 0
C= | peiry 2p 2 0 0 (21)
o0 melz 2 g 0
. 5kg ky
0 0 h 0 h'elavsts)

For k; = k, = 0, this Hamiltonian equals the one depicted in Fig. 2 (a) of the main text, as intended.

VI. AUXILIARY LEMMATA
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Let S be a set of sites of H. If one extends

H— H= (2[ Ig/) (22)

then the isospectral reduction over S remains unchanged, i.e., Rg(H,\) = ’RS(ISI, A) .

-1
(Hs,5, - M) 0
—1
0 (Hs, 5, — M)
block diagonal and H 55, = 0 with sites S; from H , Sy from H and S;US, = 8. O

Let the isospectral reduction

—1
Proof. Follows straightforwardly from the fact that (Hg’g - ) =

=il
Rs(H,\) = Hs,s — Hys (Hs5 - M) Hsg (23)

over some set S of sites. If Rg(H, ) commutes with a |S| x |S| matrix A, that is, [4, Rs(H,A)] =0V X €L,
then

[A, Hg 5] =0 (24)
—1
[A, Hyg(Hgz— M) H, S} —0VAeL. (25)
k
[A7 Hys (Hss) Hs, S} =0Vk>0. (26)

Proof. First, eq. (24) follows from [A, Rg(H,\)] = 0 by evaluating the limit A — co. Second, eq. (25) follows from
eq. (24) and [A, Rg(H, \)] = 0. Last, for a sufficiently large Ao and |A| > Ag > 0, the left-hand side of eq. (25) can be
formulated as a convergent power series in = +

3
iicxk*OVm'0<|w|<i (27)
Ao =T ' Ao
k=1
-\ k=1
where ¢, = {A, Hs,§ (H);SOS> H§,S:|' By the identity theorem for power series it follows that all ¢, = 0, thus
proving eq. (26). O

=il
Let Rg(H,\) = Hg g — HS’§ (ngg — )\I) ngs be the isospectral reduction of H over a site set S. Then

[S| k-1
_ Ck E—1\ yk=1-n (g "
Rs(H,A)—Hs,er;cOT;( - )( N Hyg (Hys) Hzg¥ A€l (28)

where ¢; = ¢;()\) are the coefficients of the characteristic polynomial of Hg g — Al
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8
Proof. For A € L the matrix Hgz — Al := M is invertible, with characteristic polynomial pps (A, ) = LS:|0 ce(N)zF
and cg # 0. From the Cayley-Hamilton theorem one obtains the identity relation M~! = — Zl;il i—’;M k=1 Inserting

k—1
this relation into the definition of isospectral reduction and applying the binomial theorem for (Hgg — A ) we
arrive at eq. (28). ]
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SUMMARY AND OUTLOOK

In this chapter we want to give a brief summary of four major topics covered
by this thesis: ground state properties and breathing dynamics of binary
mixtures (Section 9.1 and Section 9.2, respectively), OGM for non-lattice
trapped few-body systems (Section 9.3), and recent concepts from spectral
graph theory (Section 9.4). We recount the key findings of our investigations,
indicate their implications and potential applications, and suggest directions
for future research.

9.1 STATIONARY PROPERTIES OF A BOSE MIXTURE

Binary mixtures of ultracold gases are routinely created in modern labora-
tories all around the world to enrich and challenge our current theoretical
understanding of interacting many-body systems. The interaction between
two distinct species can greatly impact their stationary properties. Weakly
correlated interaction regimes have been thoroughly studied with mean-
field techniques and perturbative expansions. Sizeable correlations pose a
great challenge for theoretical methods and thus are not yet fully under-
stood. In this regard, we studied beyond-mean-field effects in a few-body
binary mixture of bosons subject to a species-selective inhomogeneous trap
in 1D. To accomplish this task, we used exact diagonalization and imaginary
time propagation with ML-MCTDH-X, an advanced variational method for
solving the time-dependent Schrodinger equation.

In [MP1], we obtained the low-energy spectrum of a binary mixture
composed of two bosons per species subject to a mutual 1D harmonic con-
finement. Thereby, our work extends and complements the analysis of some
previous studies. The distinguishability makes the energy spectrum richer
and more complex compared to the single-component case. We represented
the Hamiltonian as a matrix using a finite set of basis functions in a relative-
coordinates frame and subsequently diagonalized it. This way, we managed
to convert sizeable correlations among laboratory-frame coordinates to
weak correlations among relative-frame coordinates. The alternative picture
greatly accelerates the rate of convergence for exact diagonalization and
is particularly suited for parameter regions where the intra-component
correlations outweigh the inter-component ones. These insights suggest
that an efficient solution of a many-body system might require a coordinate
frame transformation, which raises a couple of challenging yet alluring
questions. For a given choice of parameter values, does there exist a set
of uncorrelated coordinates where the wave function could be described
by a mean-field product ansatz? And if so, is there a systematic way for
obtaining it? Are there any drawbacks such as an increased complexity of
the transformed Hamiltonian?
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Another useful insight, which we gained in the course of this study, is the
discovery of additional parity-type symmetries in the relative frame, which
are otherwise hidden or non-obvious from the laboratory frame perspective.
These symmetries were used to classify the eigenstates and proved to be
extremely valuable in understanding the breathing response we discuss
in Section 9.2. This suggests that an abstract symmetry transformation
without any obvious interpretation might become easily interpretable in
a different coordinate frame. Are there more useful symmetries than we
can see? Moreover, in the context of spectral properties, could it be that
some accidental degeneracies are in fact caused by hidden symmetries
of such a type? This is a long standing question and by now there have
been several precedents where spectral degeneracies, initially believed to be
truly accidental, turned out to have a meaningful physical interpretation. In
Section 9.4, we discuss yet another class of hidden symmetry, revealed not
by a coordinate transformation, but by an effective Hamiltonian obtained
via a spectrum-preserving subsystem partitioning.

In [MP3], we studied the miscible-immiscible phase boundary in a
Bose polaron problem, i.e., an impurity coupled to a medium of several
bosons, subject to a species-selective parabolic confinement. In homoge-
neous systems, there is a simple criterion which determines this boundary:
$45 > 948s- However, the trap inhomogeneity greatly distorts this rule,
e.g., a harmonic trap favours miscibility as it costs energy to expand in
space. Together with other species-internal parameters, they determine the
spatial overlap region between the two components. Furthermore, there are
multiple possibilities to separate, but it is not always a priori clear which
configuration would be energetically more favourable.

We derived estimates for the miscible-immiscible phase boundary and a
criterion for the type of phase segregation based on arguments derived from
the energy competition among the two components to occupy the centre of
their trap. When there is a draw, then CF occurs. Otherwise, core-shell Ps
takes place. In addition, we estimated phase boundaries among separated
regimes. We found that a weakly-entangled core-shell PS builds up entan-
glement upon increasing the strength of the medium-impurity interaction
and, eventually, undergoes a transition to CF. However, this process is not
visible by inspecting the reduced one-body densities. Instead, one requires
inter- and intra-component distance correlators to differentiate among CF
and core-shell PS. Thus, our work contributes to a better understanding
of the phase-separation mechanism and indicates that reduced one-body
densities might be misleading for state classification.

In [MP4], we investigated a different Bose polaron setup, namely a free
impurity coupled to a lattice-trapped medium. We quantified the ground-
state response to the medium-impurity coupling by evaluating the fidelity
between coupled and decoupled many-body states at different lattice depths
and intra-medium interaction strengths. The fidelity tells us about the simi-
larity of two states in the Hilbert space. We also looked at the susceptibility
of reduced one-body densities to be perturbed by the medium-impurity
interaction. We identified parameter regions with sizeable changes on the
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many-body level, which are much less pronounced on the level of reduced
one-body quantities. Furthermore, while searching for beyond mean-field
effects, we found, in addition to the expected phase separation, two further
peculiar regimes with a sizeable amount fo correlations at the interface
of attractive and repulsive interactions. We suspect that they might be
analogues of quantum droplets. Finally, we resolved the role of entangle-
ment for spatial density distributions and two-body distance correlators
by comparing numerically exact quantities (including entanglement) to the
approximate ones obtained using a SMF product ansatz (ignoring entangle-
ment). We found that entanglement-induced corrections favour the process
of phase separation at repulsive inter-component couplings and inhibit
spatial localization at attractive medium-impurity couplings.

9.2 BREATHING DYNAMICS OF A BOSE MIXTURE

Elementary collective excitations dictate the dynamical response of a weakly
perturbed physical system and are a valuable source of information compa-
rable to that of spectroscopy. As a part of this thesis, we investigated the
quantum breathing of ultracold mixtures in harmonic traps. For a single-
species condensate, the breathing mode serves as a reliable diagnostics tool
in modern experiments to verify the regime of interactions and to probe
several useful stationary properties. Our goal was to study the diversity
and utility of breathing modes for binary mixtures.

In [MP1], we analysed the breathing response of a few-body Bose mixture
composed of two bosons per species confined in a mutual 1D parabolic
trap. We triggered the dynamics by a slight quench of the trap frequency.
The dynamics was described in the linear-response regime in terms of
eigenstates and -energies obtained by exact diagonalization. We employed
a relative-frame coordinate system to define a correlation-adapted product
state basis. Specifically, we used the centre-of-mass coordinate R, the
relative distances r, between two identical particles, and the relative distance
R 4 between the two centre-of-masses of the two components. We derived
expressions for time evolution of the relative-frame coordinate densities
and analysed the amplitudes and frequencies of observed oscillations upon
variation of the intra- and inter-component interaction strength parameters.

We identified up to four breathing frequencies depending on the inter-
play of interactions. At a weak inter-component coupling, we found that
each relative-frame coordinate is ‘normal’, in a sense that it performs a
single-mode oscillation. We labelled the corresponding frequencies ¢y, Q¢
and O p. For equal strength of intra-component interactions, the motion of
the two species assimilates. Because of a symmetry-imposed selection rule,
instead of two frequencies, (), there is just one, (). At an intermediate
inter-component coupling, each relative coordinate (except R.,,) exhibits
multi-mode oscillations. At a strong inter-component coupling, where the
mixture becomes immiscible, the frequencies (), (1) are found to be
strongly suppressed, such that only two modes, ()., and ()45, contribute
to the dynamics. Finally, we argued that our results can be verified experi-
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mentally by means of state-of-the-art techniques. In addition, we proposed
an explicit measurement protocol in [MP5] suitable for this purpose.

In [MP2], we studied the breathing response of a few-body Bose polaron,
i.e., an impurity coupled to a medium of several atoms, in a species-selective
1D parabolic trap. As opposed to [MP1], the total number of particles was
increased and we made use of the species-selective confinement to quench
only the trap of the impurity. The medium was set in motion indirectly via
the medium-impurity coupling. Instead of exact diagonalization we used
ML-MCTDH-X to simulate the time propagation of the pre-quench many-body
ground state with a post-quench Hamiltonian. Then, we evaluated the time
evolution of the reduced one-body density for each species, p{(x,t), and
extracted the breathing frequencies and amplitudes from the density width
oscillations by a CS algorithm. CS is an alternative to the Fourier transform,
particularly suited for time signals which are sparse in the frequency space.
It allows for a decent resolution in the frequency domain with a relatively
short propagation time (as compared to the Fourier transform), which con-
siderably reduces the amount of computation time with ML-MCTDH-X. We
promote this tool for analysing the spectral response of weakly perturbed
systems.

We characterized the breathing spectrum as a function of the medium-
impurity coupling strength for different numbers of majority atoms and
several values of the medium-interaction strength. The modes were classi-
fied as being of impurity or majority type. To this end, for each frequency
in the common CS spectrum (averaged over the two components), we
calculated the corresponding species quota. We could identify all the fre-
quencies from [MP1], except for the internal mode of the second species
because it is composed of a single particle. The functional dependence
of assigned frequencies on the inter-species coupling strength is substan-
tially altered as compared to the particle-balanced mixture. In addition, we
found a qualitatively different mode caused by species-asymmetry of the
quench protocol. Its frequency is a monotonically decreasing function of the
medium-impurity coupling strength and it emerges after a certain coupling
threshold has been reached. Importantly, we linked its appearance to the
growth of entanglement between the impurity and the medium. In case of a
SMF ansatz, i. e., neglecting all entanglement effects, the frequency does not
appear at all in the CS spectrum. Importantly, this mode persists at different
values of the trap ratio.

To conclude, our studies serve as a useful analysis tool for future ex-
periments on few-body composite systems. A binary mixture features as
many breathing frequencies as there are interaction parameters. Thus, it
is in principle possible to map a set of breathing frequencies to a set of
interaction parameters. However, there are a couple of issues which make
a reliable assignment a challenging task: in some regimes of interactions
only a fraction of modes can be excited and there is a further issue of
near-degenerate frequencies in several parameter regions. To surpass these
limitations, one might think of an alternative quench protocol to excite the
damped and symmetry-excluded modes. There is still an open issue regard-
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ing the dependence of the breathing response on the number of particles.
Considering rapid build-up of correlations with an increasing strength of
interactions, it was prohibitive for our method to go beyond ten particles.
An interplay between negative and positive interactions is also a promising
direction of future research. Relating to the entanglement-sensitive mode,
we find it appealing to use it as a probe of bi-partite entanglement in ultra-
cold mixtures. It would add yet another item into the toolbox of breathing
mode diagnostics.

9.3 QUANTUM GAS MICROSCOPY OF TRAPPED GASES

Imaging is a wide-spread experimental technique to extract information
from a physical system. The ability to differentiate individual atoms is
of top priority as it allows to probe inter-particle correlations. Recently,
QGM has revolutionalized the imaging process for lattice-trapped ultracold
atoms, offering a sub-micron resolution and single-atom sensitivity. As
we are interested to explore beyond mean-field effects in external traps of
arbitrary geometry, we studied the applicability of OGM beyond discrete
lattice models.

In [MP5], we proposed an imaging protocol to measure the reduced
n-particle density distribution of sparse ultracold samples confined by an
external trap of any shape and dimension. As a first step, and because it
is of direct relevance for the few-body trapped mixtures we discussed in
[MP1-MP4], we considered 1D systems and attempted to access the reduced
one-particle density distribution.

Similar to the conventional procedure in QGM, one needs to freeze the
position of particles by ramping up a lattice, followed by fluorescence imag-
ing and ensemble averaging over pictures taken. The crucial modification is
now as follows: in order to reach a sub-lattice resolution, our idea was to
perform ensemble averaging multiple times at several different positions
of the pinning lattice relative to the trapped physical system. This way,
the recorded one-particle density can, in principle, be oversampled to an
arbitrary resolution. However, when the length scale of the system is com-
parable to the lattice constant, the pre- and post-measurement densities
display substantial differences. These imaging artefacts are caused by the
non-adiabaticity of the lattice-ramp protocol.

The measurement sequence can be formulated as a 2D convolution of
the pre-measurement one-body density matrix with an imaging filter we
call the quantum PsF. Since our protocol provides only the diagonal of this
convolution, a straightforward deconvolution method is doomed to fail.
Instead, we developed a machine-learning-assisted reconstruction proce-
dure to remove the majority of distortions. It is particularly effective when
spatial density variations are on the scale of the lattice constant and allows
to reach sub-lattice resolution. As for now, the utility of our approach is
limited to situations when the shortest period of spatial oscillations in the
one-particle density drops below a half of the lattice constant.

209



210

SUMMARY AND OUTLOOK

Our findings are of fundamental interest for the theory of imaging and
of immediate relevance for ongoing QGM experiments. It opens the research
direction of high-resolution imaging with single-atom sensitivity also for
non-lattice trapped systems. In particular, it is ideally suited for verifying
many of the results we obtained in the context of trapped few-body binary
mixtures. Further extensions of our work would be to test the feasibility
for traps of higher dimension, to attempt the recovery of spatial two-body
correlations and to investigate blurring artefacts in a time-evolving system.

9.4 SPECTRAL GRAPH THEORY IN PHYSICS

Matrix eigenvalue problems are ubiquitous in physics and applied sciences.
The eigenvalues and -vectors of a matrix are a source of invaluable informa-
tion. Unfortunately, matrix diagonalization is infamous for unfavourable
scaling of the numerical effort with the matrix dimension. Any means al-
lowing to reduce this effort are highly desirable. This is usually done by
a symmetry analysis, which can suggest a new set of symmetry-adapted
basis functions tailored to obey particular geometrical constraints. However,
the more complex a system becomes, the less likely it will feature any of
the commonly known symmetries. Are there further tools to learn more
about spectral properties of a matrix? We found some useful concepts in
spectral graph theory.

In [MP6], we investigated a graph-theoretical concept of cospectral vertex
pair. It imposes a parity relation among two particular components of any
eigenvector of a graph’s matrix, even in the absence of conventional® graph
symmetries. It has an intuitive interpretation as a symmetry of walks and
can be linked to hybrid block-symmetries, with one block being a conven-
tional pair-exchange symmetry and the remainder a general orthogonal
matrix. The presence of this peculiar property can be easily inferred by
analysing the powers of a graph’s matrix and, once confirmed, can be sub-
sequently used for block-diagonalization. We contributed to the study of
cospectrality in two ways.

First, we developed a generator of graphs with a cospectral vertex pair.
It is a hot topic in spectral graph theory concerned with the following
question: when does the spectrum of a graph determines its topology? It is
reminiscent of spectroscopy in physics, aimed to infer information about
the composition and structure of matter from the spectral data. Biased
by our studies on impurities and having in mind symmetry-preserving
perturbations, we attempted to couple an additional perturber vertex to
a graph having a cospectral vertex pair, u and v, without breaking the
underlying cospectrality. As an outcome of this study, we identified several
subsets of multiple vertices, to which the perturber vertex can be docked.
We called them multiplets M. In addition, we linked this circumstance
to an equality relation Y, v((H)yz = 4 Y, pq(H)oz valid for all matrix
powers. In the graph language it means that a multiplet is equally reachable
from both u and v. The final set of possible modifications include: removal

1 In discrete mathematics, the term ‘conventional symmetry” implies permutations.
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and addition of vertices, interconnections among existing multiplets. Thus,
multiplets provide building blocks to extend and modify cospectral graphs.

Second, we found that multiplets pose further restrictions on eigenvector
components, in addition to parity caused by cospectrality of a vertex pair.
As an example, odd parity eigenstates vanish on so-called singlets, i.e.,
multiplets composed of a single vertex. This work laid the foundation
for a flat-band generator we proposed in [MP11]. Using a graph with a
cospectral vertex pair as a unit cell, the idea is to interconnect adjacent
cells via singlets. As a result, each odd parity eigenstate of a cell becomes a
localized eigenstate of the lattice, which leads to macroscopically degenerate
flat bands.

In [MP7], we studied another graph-theoretical concept of isospectral
reduction. It is a way to shrink the size of a graph to a dedicated subset
of vertices S while preserving (the major part of) the underlying energy
spectrum. Physical community is already acquainted with this tool, rather
known as the Feshbach-Schur projection method. There, the Hamiltonian H
is bi-partitioned into a subsystem of interest S coupled to a bath S. One can
derive an effective Hamiltonian Rs governing only the subsystem S and the
impact of the bath S becomes encoded as an additional (energy-dependent)
term, called the self-energy. What makes isospectral reduction particularly
interesting is that the reduced graph Gs might feature symmetries which
are not present in the original version §. Such symmetries are called latent.

We demonstrated that latent symmetries are able to explain the degen-
eracies of a graph’s matrix. To this end, we designed a tight-binding Hamil-
tonian without permutation symmetries, whose suitably reduced version
featured multiple permutation symmetries forming a non-abelian symmetry
group. By group-theory arguments, Rs can be brought into a block-diagonal
form and will have duplicate blocks causing structural degeneracies in Rs.
Since the spectrum of Rg is a sub-multiset of the spectrum of H, the latter
inherits degeneracies from its reduced version. This provides a useful tool
to investigate accidental degeneracies in terms of latent symmetries.

As for the future perspective, we aim to apply the above concepts to
further physical problems such as vibrational modes in mass-spring systems,
principal component analysis of covariance matrices, light- and acoustic-
wave transport through a medium and many-body interacting systems such
as Heisenberg spin chains or the Bose-Hubbard model. Recently, we have
been working on several generalizations of cospectrality such as imposing
a scaled-parity or a complex-phase relation among eigenvector components.
In [MP9], we established a link between latent and block symmetries of H:

H, <g‘ g>]:o ~ [Rs,A]=0 and [RgB|=0,

A 0

[Rs, A]=0 = 3B:[H,
0 B

)] =0 and [Rg B]=0.

These relations are very appealing and deserve further investigations.
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You take the blue pill—the story ends,

you wake up in your bed and believe whatever you want to believe.
You take the red pill—you stay in Wonderland,

and I show you how deep the rabbit hole goes.

— Morpheus to Neo, the “Matrix" movie (1999)
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