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Abstract

Strongly interacting many-body quantum systems give rise to a range of fascinat-
ing phenomena, but are notoriously difficult to solve theoretically. With decreasing
dimensionality this becomes particularly evident as the quantum fluctuation and
interaction effects begin to dominate. Ultracold atoms offer a unique platform to
study these phenomena with isolation from the environment and unprecedented
control over the system parameters. This thesis investigates fundamental quantum
phenomena in one-dimensional many-body systems using ultracold atomic gases as
quantum simulators. Here we present four experimental studies that access previ-
ously unobserved quantum states and dynamics. First, we demonstrate the creation
of Bethe strings, by dynamically tuning interactions in ultracold Bose gases. We
measure the binding energies of the strings that reveal bound states of over seven par-
ticles, with results matching predictions from generalized hydrodynamics. Second,
we observe emergent anyonic correlations through spin-charge separation, where a
mobile impurity enables continuous tuning of the statistical phase from bosonic
to fermionic, confirmed through asymmetric momentum distributions. Third, we
track a mobile impurity in a one-dimensional gas with high temporal and momen-
tum resolution, revealing a quantum bifurcation phenomenon when the impurity
exceeds the speed of sound. Finally, we achieve Bose-Einstein condensation in a
non-ground-state configuration using cesium atoms in the Zeeman-excited state,
identifying regions of magnetic field with sufficiently low inelastic loss processes.
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CHAPTER 1

INTRODUCTION

At the beginning of the twentieth century, experimental observations, such as the
photoelectric effect [1], atomic spectra [2], and blackbody radiation [3], revealed
phenomena that defied classical explanations and led to the development of quan-
tum theory. Planck’s quantization of energy [4], Einstein’s photon hypothesis [5],
and Bohr’s atomic model [6] were pivotal milestones in this scientific revolution.
Schrodinger’s wave equation provided a powerful framework to describe the micro-
scopic behavior of particles, uncovering the probabilistic and wave-like nature of
matter. Despite the initial success of quantum mechanics, it soon became clear
that describing systems of many interacting particles is an inherently challenging
task. This difficulty arises from the exponential growth of the Hilbert space with
the number of constituents, making it infeasible to directly compute the proper-
ties of many-body quantum systems on classical computers. As Philip Anderson
so eloquently remarked [7], more is different: the collective behavior of interacting
quantum particles gives rise to phenomena that cannot be trivially reduced to the
sum of their parts.

Understanding emergent quantum phenomena, such as high-temperature super-
conductivity, low-temperature transport, or quantum magnetism, remains a chal-
lenge in modern physics. These effects often originate from strong correlations,
and their study and understanding requires simplified minimal low-energy models,
such as Heisenberg spin chains, Hubbard-type models, or Luttinger liquids [8-10].
However, even these paradigmatic models can quickly become computationally in-
tractable due to the complexity of their dynamics and the sheer size of the accessible
Hilbert space. A key motivation for studying these systems is the realization that
there are unexplored corners of the Hilbert space where novel many-body phenomena
may emerge. A prime example of this is the observation of many-body quantum scars
in Rydberg atom arrays [11]. Understanding the dynamics of interacting many-body
systems, especially those far-from-equilibrium, is another frontier of contemporary
research. Conventional numerical methods often struggle to capture these dynamics,
highlighting the need for alternative approaches to probe the intricate interplay of
quantum correlations and interactions. In this context, rapid experimental advances
in atomic, molecular, and optical physics have opened new pathways to address these
challenges. Ultracold atomic systems, in particular, provide an unprecedented level
of control over parameters such as interaction strength, dimensionality, and exter-
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nal potentials. These systems have now reached a point where model Hamiltonians
from field theory and condensed matter physics can be directly realized in laboratory
settings [12-18]. This capability has ushered in the era of ”quantum simulation,”
an idea first proposed by Richard Feynman in 1982 [19]. Feynman suggested that,
rather than relying on classical computers, one could design a highly controllable
quantum system governed by the same underlying model. Such a system, often
referred to as an analog quantum simulator, can experimentally mimic the behavior
of the target system, providing a powerful tool for exploring quantum many-body
physics. Ultracold atoms allow precise tunability of interactions, lattice geometries,
and external fields [20, 21]. Recent developments have turned atomic physics into a
highly interdisciplinary research area, bridging condensed matter, statistical physics,
and quantum information science. The ability to simulate the dynamics of strongly
interacting systems and explore previously inaccessible regimes holds promise for
uncovering new quantum phenomena and deepening our understanding of complex
many-body systems both in- and out-of-equilibrium.

The first realization of a Bose-Einstein condensates (BEC) in 1994 [22-24] en-
abled experimental studies of matter-wave interference [25], superfluidity and vortex
formation [26, 27], and solitons [28-30]. Building on these concepts, optical lattices
offered a platform to access regimes where particle correlations become significant,
rendering mean-field approaches insufficient to describe system properties. A trail-
blazing experiment in this field was the first implementation of the Hubbard model
with bosonic atoms, which demonstrated the quantum phase transition from a su-
perfluid to a Mott insulator [31]. Optical lattices have since become a valuable
platform for simulating isolated condensed matter phenomena. Their versatility
also allows the tuning of the dimensionality of the system. Restricting the motion
of atoms along a single line enhances the effect of quantum fluctuations as well as
inter-particle correlations, giving rise to novel quantum phases and unique transport
properties. The experimental realization of low-dimensional quantum gases [32—-34]
has facilitated in-depth studies of classic examples in statistical physics. These in-
clude Ising chains [35], Tonks-Girardeau [36, 37], super-Tonks [17] and Yang-Yang
gases [38], Luttinger liquids [39, 40], as well as the quantum sine-Gordon [14, 41],
one-dimensional (1D) Hubbard model [42], and Yang-Gaudin models [43-45]. Com-
pared to higher dimensions, 1D systems are of particular interest due to the acces-
sibility of advanced numerical techniques for their study. Methods such as time-
dependent density-matrix renormalization group (t-DMRG) [46-51], Monte Carlo
simulations [52, 53], and the recently developed framework of generalized hydrody-
namics (GHD) [54, 55] are powerful tools for benchmarking quantum simulations
based on ultracold atoms.

The theoretical understanding of 1D quantum systems has developed through
several interconnected frameworks that collectively explain the rich physics observed
in these experimental platforms. The Luttinger liquid theory [8-10] serves as the
universal low-energy effective field theory for gapless 1D quantum systems, where
spatial constraints prevent the formation of conventional quasi-particles found in
higher-dimensional Fermi liquids [56, 57] and instead give rise to collective exci-
tations characterized by phenomena such as spin-charge separation and power-law
decay of correlation functions [58]. This universal theory connects directly to more
specific models such as the Lieb-Liniger model [59, 60], which describes bosons with



contact interactions and is exactly solvable via the Bethe ansatz [61], characteriz-
ing interactions through a single parameter v that spans from weakly interacting
condensates to the strongly correlated Tonks-Girardeau regime [36, 62, 63] where
bosons exhibit fermion-like impenetrability. For fermionic systems, the Yang-Gaudin
model [43-45] extends this integrability framework to multi-component fermions
with contact interactions. The Yang-Gaudin model also applies to two-component
bosons with SU(2) symmetric interaction [64], providing analytical solutions across
interaction regimes and displaying Luttinger liquid behavior in the low-energy sec-
tor. When a periodic potential is introduced to a Luttinger liquid, the quantum
sine-Gordon model [14, 65-67] emerges, describing the competition between kinetic
energy and the pinning potential and featuring topological excitations such as soli-
tons and breathers, with the system capable of undergoing a Berezinskii-Kosterlitz-
Thouless quantum phase transition [34]. Central to these theories is the concept of
integrability, a mathematical property indicating the existence of an infinite set of
conserved quantities that drastically alters system dynamics, enabling exact solu-
tions through techniques such as the Bethe ansatz and leading to distinctive physical
consequences including ballistic rather than diffusive transport [68]. Unlike in higher
dimensions, quasi-particles in 1D systems manifest as collective excitations such as
holons and spinons in fermionic systems, phonons in bosonic systems, and solitons
in the sine-Gordon model, all of which can be detected through spectroscopic mea-
surements in ultracold atom experiments, providing direct evidence for theoretical
predictions that bridge the gap between abstract mathematical frameworks and ob-
servable quantum phenomena.

1.0.1 Thesis outline

This thesis is comprised of a collection of articles that were prepared and published
as part of the research conducted during the course of this PhD. The primary focus
of this research is the study of quantum many-body dynamics of strongly interacting
bosons in a 1D setting. This thesis highlights four main publications. This chapter
is intended as a broad introduction to these four key publications. We begin with a
general overview of BECs with a particular emphasis on the role of interactions. In
the same spirit we discuss Feshbach resonances and inelastic collisions as well as the
properties of cesium. In the second half of the introductory chapter, we shift our
focus to 1D systems, including those with an additional impurity. While the first
part of this chapter provides theoretical background for the publication discussed
in chapter 5, the latter part serves as a foundation for the publications presented
in chapters 2, 3 and 4, respectively. The chapter concludes with a brief outlook on
possible future experiments.

In chapter 2, we report the realization of Bethe strings in a 1D Bose gas by
sweeping the interactions from the repulsive regime to the attractive regime, passing
through the non-interacting point. We measure the rapidity distribution of the
system. Additionally, we directly measure the mean binding energy of the strings
in the attractive regime, and Tan’s contact for both the repulsive as well as the
attractive gas. We find excellent agreement when comparing our results with the
recently developed theory of GHD.

Chapter 3 discusses the emergence of hard-core anyons in the finite momentum
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ground state of a system of 1D bosons with an embedded impurity. The addition of
an impurity that strongly interacts with the host results in spin-charge separation.
We engineer the spin sector to create a spin wave with variable momenta. This
spin texture dresses the charge sector with an emergent flux, leading to a system
that can be mapped onto a system of anyons with tunable statistical angle. The
anyonic characteristics of this system is measured via the momentum distribution
of the impurity. Furthermore, going beyond equilibrium, we demonstrate dynamical
fermionization of anyons via the impurity.

In chapter 4 we inject a mobile impurity into a strongly-interacting Bose gas from
subsonic to supersonic regimes and track the subsequent relaxation dynamics of the
impurity. At odds to conventional wisdom of relaxation, we find that the impurity
never comes to a full stop, but instead forms a correlated quantum state with the
surrounding gas that travels without friction through the strongly interacting gas.
Furthermore, both experimental results and simulations reveal significantly different
decay mechanisms for an impurity introduced into the host gas with subsonic versus
supersonic velocities, giving new insights into quantum transport in low-dimensional
systems.

Finally, in chapter 5 we report the realization of a Bose-Einstein condensate
in an excited state of cesium. While this publication does not focus on many-body
dynamics, the successful creation of a cesium condensate in a non-ground state opens
up access to further interaction regimes for future impurity experiments. In this
chapter, we characterize the relevant interaction regimes through both expansion and
lifetime measurements. Additionally, we observe unexpectedly high three-body loss
in the 40 G region suggesting the presence of a three-body spin-exchange resonance.

1.1 The degenerate Bose gas

The idea of a Bose-Einstein condensate (BEC) traces back to 1924 when, with the
inspiration from a paper by Satyendra Nath Bose [69], Albert Einstein first predicted
that a gas of non-interacting bosons undergoes a phase transition as its temperature
crosses a critical temperature [70]. Specifically the formation of a BEC occurs when
the atomic de-Broglie wavelength exceeds the typical interparticle distance, leading
to a macroscopic occupation of the absolute ground state. As a result all particles
can be described by the same wavefunction. It took another 70 years before this
peculiar phase of matter was first experimentally realized using rubidium, sodium
and lithium [22-24]. This achievement, building on decades of previous work in
laser cooling and trapping [71-73], opened up an extremely rich field of research
and gave access to quantum phenomena on a macroscopic scale. In this section we
take a brief look at the phase transition to a condensate state and then we will focus
on the behavior of a condensate in different interaction regimes. We will follow a
similar approach to references [74-76].

1.1.1 Condensate transition of a non-interacting Bose gas

Bose-Einstein condensates are a consequence of the physics underlying the indistin-
guishability of identical bosons. In particular, for bosons the wavefunction of the
total system must remain symmetric under the exchange of particles. In a simplified
picture, the formation of a BEC can also be understood by considering the relevant
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Figure 1.1: Illustration of a Bose-Einstein condensate phase transition. As the
temperature of the system is decreases (left to right) the deBroglie wavelength A\qp
of each atom increases, until it becomes comparable to the inter-particle distance d
and the system undergoes a phase transition to its absolute ground state. This is
know as a Bose-Einstein condensate and the entire gas can be described in terms of
a single wavefunction. This depiction was adapted from reference [77].

length scales describing the system. The mean interparticle distance d is set by the
average spatial density of the gas n~! = d*. Each particle in a gas, with momentum
p and mass m, also has an associated wavelength 27h/p, where A is the reduced
Plank’s constant. This is known as the deBroglie wavelength A\qg, and for a thermal
gas is given by

/\dB = (27Th2/kaT)(1/2), (11)

where T' is the temperature of the system, and kg is the Boltzmann constant. At
high temperatures, the particles are well localized and \gg < d. As the temperature
decreases, \qg increases and the wave nature of the particles as well as the effects of
the quantum statistic due to indistinguishability begin to show. When A\4g becomes
comparable to the interparticle distance d the individual atomic wavefunctions begin
to overlap and eventually collapse to a single wavefunction (see Figure 1.1). This is
known as the BEC phase transition.

More quantitatively we can look at the formation of a BEC from the framework of
quantum statistical mechanics. Here we assume that the system is non-interacting.
We can write the average occupation n; of the energy state ¢; for the ideal Bose gas

as
1

= e T (1.2)

T
Here, 8 = 1/kgT and p is the chemical potential of the system, which is fixed by
the normalization ), n; = N. Equation 1.2 further restrains the chemical poten-
tial to be less than the energy of the ground state ¢, in order to prevent negative
occupation. As the temperature decreases, j increases approaching €, from below.
Simultaneously the occupation number of the ground state ng becomes progres-
sively larger. Once a macroscopic occupation of the ground is reached, the system
undergoes a phase transition, the BEC transition. The temperature at which this
phase transition is induced is known as the critical temperature 7.. In this thesis
we consider atoms in a 3D harmonic-oscillator potential

1 1 1
Vext (r) = Emwf:xz + §mw§y2 + §mw§z2, (1.3)
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where z,y, z are the spatial axes and w,,w,,w, the corresponding trapping frequen-
cies. In this case the transition critical temperature is given by [78, 79]

N 1/3
kgT, = ho <®> ~ 0.94hoN'/3, (1.4)

where ((3) = 1.202, with ¢ the Riemann zeta function, and @ = (wyw,w.)'/? is
the geometrically averaged trapping frequency. The number of condensed atoms N

follows [75]
Ny T\’
~=1- (7) . (1.5)

The cubic scaling of the temperature is a consequence of the harmonic trapping
potential and hence will differ for different potentials. The characteristic length
scale of the (non-interacting) condensate is given by the harmonic oscillator length

(ho = (%)1/2. (1.6)

Both in coordinate space as well as momentum space, a condensate cloud is more
peaked than a noncondensed sample, making it a commonly used signature to ex-
perimentally detect the presence of a condensate [77].

1.1.2 The interacting Bose gas

Up to this point we have only considered a non-interacting Bose gas. We will now
turn to an interacting Bose gas, specifically a non-uniform weakly interacting Bose
gas trapped in an external potential. Our focus in this section will be on the lowest
energy state of the condensate in different interaction regimes.

At low enough energies, the scattering properties of a Bose gas can be described
by a single parameter a, the s-wave scattering length, which we will introduce in more
detail in section 1.2. In the limit where the average inter-particle spacing is much
larger than the scattering length nla|®> < 1, the system is said to be dilute [75].
Here, interacting bosons confined by an external potential can be described by a
mean-field approach. For temperatures below the critical temperature where the
condensate fraction is substantial, thermal excitations become negligible, allowing
the state of the condensate to be described in terms of a non-linear Schrodinger
equation, the time-dependent Gross-Pitaevskii (GP) equation [80, 81|

h*v?

2m

ih%zﬁ(r, t) = (—

# Vosl0) + 910 O ) 0(.0). (1.7
Here 1) is the condensate wavefunction, V. is the external trapping potential, g the

interaction parameter, which is given by

_47Th2a
-—

g (1.8)

The GP equation describes the macroscopic behavior of the condensate in the
weakly interacting regime (nja|> < 1). In the case of a stationary states ¢ (r,t) =
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(a) (b) ‘ ‘

7(ano) r(ano)

Figure 1.2: Solutions of time-independent Gross-Pitaevskii equation (Eq. (1.9)) for
an isotropic harmonic trap and different values of Nla|/ap,. Repulsive (attractive)
case is shown in (a) ((b)). From light to dark the three solid curves correspond
to Nla|/an, = 0.5,0.3, and 0.1 (Nla|/an, = 1,10, and 100), respectively. The
dashed curve is the result for a non-interacting condensate. Figure is adapted from
reference [82].

¢(r) exp(—iut/h), where ¢(r) is normalized to the total number of particles [ d*r|¢|? =
N, Eq. (1.7) simplifies down to the time-independent Gross-Pitaevskii equation

h*v?
(= Veulo) + glotn) ) 60) =0 (1.9
m
For a non-interacting condensate (g = 0) Eq. (1.9) is equivalent to the Schrédinger
equation for the single-particle Hamiltonian. In the stationary case, and for real
é(r), the condensate energy is a functional of the density distribution n(r) = |¢(r)|?
[32]
h’ 1/2)2 gn’

E[n] = /dr {%|Vn P12 4 nV (r) + T} = Eyin + Fho + Fint. (1.10)
This equation is comprised of three terms. The first term is the kinetic energy of the
condensate Fii,. Also known as quantum pressure, F\;, arises from the uncertainty
principle. For a uniform system, with periodic boundary conditions, the quantum
pressure is equal to zero because Vn = 0 [82]. The second term, Ej,, corresponds
to the harmonic oscillator energy and the final term, FEi,, represents the mean-field
interaction energy.

For this entire discussion we have assumed that the system is dilute and weakly
interacting, i.e., nja|*> < 1. However, it is important to note that because n|al? is
small, it does not necessarily mean that the effects of interactions are negligible. In
order to estimate the importance of the interactions, we must compare the interac-
tion energy with the kinetic energy of the atoms in the trap. It is therefore useful
to define the dimensionless quantity Nla|/ap,, which is proportional to the ratio of
Eint/ Exin for the ground state of the harmonic oscillator [82].

In the case of repulsive interactions there are two distinct limits: the ideal-gas
limit (Nla|/an, < 1) and the Thomas-Fermi limit (N|a|/an, > 1). In the ideal-gas
limit the interactions become negligible and the kinetic energy term in Eq. (1.9)
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dominates, thus the density distribution of the condensate is directly determined by
the external trapping potential V... In the Thomas-Fermi limit, in contrast, the
interaction term is large while the kinetic energy can be neglected. In this case the
density distribution takes the form

- ‘/ext (I‘) '

— ()2 = K
n(r) = |¢(r)| p (1.11)

Equation 1.11 is only valid for positions such that p1— Ve (r) > 0. For p— Ve (r) < 0
the condensate density distribution is equal to zero. In the case of a harmonic
potential this leads to a density distribution with an inverted parabolic profile. The
size of the condensate along each spatial dimension is no longer determined by the
harmonic oscillator length, but instead given by the much larger Thomas-Fermi

radius
S /15N /5
R, = ahoi < a) , i=x,9, 2. (1.12)

Ws Gho

Now, let us consider a condensate with attractive interactions. The behavior in
this regime differs significantly from the repulsive case, as illustrated in Figure 1.2,
which shows the numerical solution of Eq. (1.9) for various values of Nlal|/ay, for
both attractive (a < 0) and repulsive (a > 0) interactions. For repulsive interac-
tions the condensate broadens as N|a|/ay, increases. For attractive interactions,
the condensate density increases at the center of the trap, leading to a narrower
spatial distribution. If the interactions are weak enough, this increase is countered
by the quantum pressure and the system is stabilized. However, beyond a certain
threshold, this stabilization is no longer possible and the system collapses [82]. This
behavior results from a competition between three energies: FEi., Fii, and Ey,. The
interaction energy is negative and drives the collapse, while FEy;, resists compres-
sion and Fy,, provides external confinement. If the interaction energy becomes too
strong, the kinetic energy cannot prevent the condensate from collapsing. To esti-
mate the critical number of atoms leading to a collapse, we consider a simple scaling
argument. If the condensate has a characteristic size R, the kinetic energy scales as
Eyin ~ h?/(mR?), the interaction energy for N atoms as Ei, ~ gN?/R3, and the
potential energy for an isotropic harmonic trap Vi = 1/2mw?r? as Ey, = mw?R2.
In order for the condensate to be stable the kinetic, potential and interaction en-
ergies must balance. However, for large N, the attractive interaction energy term
grows faster than the stabilizing kinetic energy. This leads to a maximum critical
number of atoms N, beyond which no equilibrium solution exists. In a harmonic
trap, the point of collapse occurs at [74]

N, = 057522, (1.13)
lal

It is worth emphasizing that this behavior is dependent on the existence of a trapping
potential. In a uniform system without an external potential, where there is no
quantum pressure, a Bose gas with attractive interactions is always unstable [82].
Furthermore, at high densities, additional effects such as three-body losses and two-
body spin-exchange collisions become significant, and thus close to collapse, the GP
equation is no longer an accurate description of the system.
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1.2 Atomic scattering and Feshbach resonances

Successfully cooling atoms below the critical temperature largely relies on the types
of collisional processes present in the sample. A watershed moment in the realization
of the first condensate in 1995 was the use of evaporative cooling [22, 23, 83]. To this
day, this technique remains the primary method for achieving a BEC. It involves
gradually lowering the depth of a magnetic or optical trap holding pre-cooled atoms.
This enables hot atoms to escape while the remaining sample thermalizes to a lower
temperature. The efficiency of this process is determined by the ratio of elastic to
inelastic collision rates. While elastic collisions determine the rate of equilibration
of the system, inelastic collisions lead to heating and atomic loss from the trap.
However, not only the condensate formation rate, but also the decay rates and
coherence times are governed by inelastic collisions. Understanding both elastic as
well as inelastic collisions not only allows for the optimization of the cooling process
but also provides an insight into the stability and the dynamics of the BEC. In this
section we will begin by briefly considering scattering theory. We will then move
onto discussing Feshbach resonances, before finishing with inelastic collisions.

1.2.1 Elastic scattering of ultracold atoms

A cloud of ultracold atoms is orders of magnitude more dilute than the air around us.
Due to the low density, the dominant contribution to the interaction properties can
be described using a two-body scattering approximation. Here, we briefly discuss
the scattering process between two distinguishable particles with equal mass m and
relative wavevector k, which interact via a two-body potential V(r), where r is the
relative coordinate. In the case of neutral atoms, the interaction potential consists
of two main contributions. At short range, interactions are dominated by exchange
forces, which arise due to the Pauli exclusion principle and electron wavefunction
overlap. At long range, the interaction is governed by van der Waals forces, which
are a result of induced electric dipoles. The scattering potential has a characteristic
length scale known as the van der Waals length [,qw, where Cj is a species-dependent
coefficient known as the van der Waals coefficient. For sufficiently large separations
7> law = (mCs/h?)Y4, the potential follows the form —Cg/r.

To solve this two-body scattering problem analytically, we apply standard tech-
niques from quantum mechanics. Detailed discussions on the scattering theory de-
scribed below can be found in many other texts, such as in references [76, 84-86]. In
a nutshell the two-body problem reduced to a single particle problem by writing the
Hamiltonian in terms of the center-of-mass and relative coordinates of the two inter-
acting atoms. Furthermore, assuming spherically symmetric potential V (r) = V(r),
the solution of the resulting relative Hamiltonian can then be formulated in terms of
the superposition of partial waves with quantized angular momentum L = 0,1,2,. ...
The effect of the interaction potential itself reduces down to a relative phase shift
01, between the incident and the outgoing wave. At ultralow temperatures collisions
higher order partial wave contributions are suppressed, leading to the entire scatter-
ing process for bosons being characterized by a single quantity, the s-wave scattering
length

a = —lim fan dok) 60(k).

Re0 (1.14)
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For a > 0 the interactions between the atoms are repulsive, while for a < 0 they are
attractive. In this thesis a will be given in units of the Bohr radius ay = 5.29 x 10~1*
m. In order to get an insight into the different interaction limits, one can write the
cross-section of the scattering, for two identical bosons, in terms of the scattering

length

8mra’

T TR
Two distinct limits clearly emerge from this equation [87]. The first is the uni-
tarity limit, where k2a® > 1. In this regime, the scattering cross-section becomes
independent of the scattering length and is instead characterized by the collision
energy as 0 = 87/k* The second limit, k?a® < 1, is the zero-energy limit, in
which the cross-section is entirely described by the scattering length and simplifies
to o = 8ma?.

A deeper understanding of the different interaction regimes can be gained by
considering the relevant length scales of the scattering problem. Two length scales
are particularly important here. The first is the de Broglie wavelength A\qg. When
a > A\gp the scattering process is dominated by the relative collision energy. . The
second is the previously introduced van der Waals length l,qw, which characterizes
the range of the interaction potential. When a > [qw the scattering process is
independent of the details of the scattering potential and is entirely characterized
by the scattering length. This is known as the universal regime. The concept of
“universality” is frequently used to describe behavior that is independent of the
specifics of a particular system. Such behavior is often a consequence of separation
of scales. In the case of two interacting atoms, this separation arises between long-
and short-range physics.

Thus far, we have considered atomic collisions involving a single interaction
potential, ignoring contributions from other atomic states. The scattering length
can, however, be dramatically modified when a bound state exists near the scattering
threshold. In the universal regime (a > l,qw), the energy of such a bound state F},
is inversely proportional to the square of the scattering length via [88]

(1.15)

h2
Ey =

2m,a?

(1.16)

where m, is the reduced mass of the participants. For two atoms with equal mass, as
is the case throughout this thesis, m, = m/2. These weakly bound states are known
as halo states due to the extremely large spatial extent of their wavefunctions [89]. In
ultracold systems, halo states can be coherently created near scattering resonances,
known as Feshbach resonances [90, 91].

1.2.2 Feshbach resonances

An extraordinary feature of ultracold gases is the controllability of elastic two-body
interactions via so-called Feshbach resonances. These resonances were predicted by
Ugo Fano in 1935 in the context of atomic physics [92-94]. Independently Herman
Feshbach described them in terms of nuclear phyiscs in the late 1950s and early
1960s [95, 96]. The first experimental observation of these resonances in ultracold
systems dates back to 1998 [97]. Feshbach resonances arise when two interacting
atoms couple into a bound state, causing a divergence of the scattering length. This
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Figure 1.3: A simplified overview of Feshbach resonances. (a) Scattering channel
representation of a Feshbach resonance. A Feshbach resonance occurs when energy
of two interacting atoms in the entrance channel E becomes degenerate with the
energy F. of a bound state, which is hosted by a closed channel. (b) Upper panel: at
the pole of a Feshbach resonance the s-wave scattering length diverges as a function
of magnetic field. The width of the resonance is defined as the difference in magnetic
field between the pole of the resonance and the field at which a = 0 ay. Note that
the binding energy is £ = —FEy,. Lower panel: A Feshbach dimer with energy F
can form for positive scattering lengths. Inset: behavior of the E in the universal
regime. This image is adopted from reference [88].

drastic modification provides a powerful tool to precisely tune the collisional proper-
ties of the gas via an externally applied magnetic field. For broad enough resonances,
the atomic interactions can be set from highly attractive to highly repulsive or even
non-interacting. The absolute ground state of cesium features a board resonance
at very low magnetic field allowing for exceptional control of the interactions. In
this section we take a look at the control of the scattering length via Feshbach res-
onances. For a thorough review of Feshbach resonances see references [87, 88].

It is useful to introduce the concept of scattering channels to understand the
emergence of a Feshbach resonance. Previously, we discussed the collision of two
atoms via an interaction potential. The exact form of the interaction potential
depends on the quantum numbers of the states involved in the scattering process.
These states, which are well-defined at large interatomic distances, define different
scattering channels. The channel in which the particles enter the collision is called
the entrance channel. A collision channel is called open if the total energy of the
system is above its threshold, allowing atoms to separate to infinity. A closed chan-
nel is one where the total energy is below the threshold, preventing the atoms from
freely escaping. Closed channels can often support metastable bound states. A
Feshbach resonance occurs when one of these bound states couples to the entrance
channel. The collision partners virtually enter the bound state during the interac-
tion, leading to the divergence of the scattering length. A schematic illustration of
a Feshbach resonance is shown in Figure 1.3(a). The bound state and the entrance
channel occupy a differing Zeeman substate. The resulting difference in magnetic
moments du of the channels leads to a magnetic-field dependence of their relative
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potential energy. For a broad resonance, the scattering length can thus be tuned
to any desired value via the simple application of a bias magnetic field, providing
experimental access to highly interacting as well as non-interacting regimes in a
controlled manner. This makes Feshbach resonances an extremely powerful tool in
ultracold experiments.

In the vicinity of a Feshbach resonance, the scattering length has the following
expression as a function of magnetic field B [88]

a(B) = apg (1— B_ABO>, (1.17)

where ayg is the background scattering length defined as the scattering length away
from any resonance, B is the position of the pole and A is the width of the resonance.
A plot of the scattering length as a function of B is shown in Figure 1.3(b). The
divergence of the scattering length around the resonance dictates that a universal
regime can be associated with each resonance. In the universal regime the energy
of the bound state is given by Eq. (1.16). Beyond the universal regime, where the
scattering length is small, Ey, varies linearly with B, with a proportionality constant
of op. The lower panel of Figure 1.3(b) shows F}, as a function of magnetic field.
The magnetic field region over which universality is applicable is dependent on the
coupling strength between the bound state and the entrance channel. In this context
it is useful define the strength of the resonance [88]

_ Tog OHA

res — ~ _ 5 1.18
s — 5 (1.18)

where £ = h/(2ma?), and @ = 0.955978...lqw is the mean scattering length.
For s,.s > 1 a resonance is described as a ”"wide” or "open channel dominated”
resonance. This means that across most of the width A, the resonance character is
determined by the entrance channel. Moreover, for broad resonances, the universal
regime spans over a large magnetic field region. For a "narrow” or ”closed channel”
dominated resonance, on the other hand, the entrance channel only contributes
across a small range of A and the universal regime is only applicable across a limited
magnetic field region.

An important experimental feature of Feshbach resonances that deserves mention
here is that the scattering length becomes zero at a magnetic field value of By +
A. This feature plays a crucial role in our experiments. In the case of cesium,
the hyperfine ground state has a shallow zero-crossing at 17.1 G [88]. This not
only enables precise control over the scattering length without the need for extreme
precision in magnetic field control, but also allows for the interactions to be turned off
completely. By taking advantage of this zero-crossing, we can accurately determine
the true momentum distribution of the sample by setting the interactions to zero
during time-of-flight measurements.

Thus far our discussion has been focused on the modification of elastic scattering
in the vicinity of a Feshbach resonance, however, a Feshbach resonance can also
lead to drastic enhancement of inelastic scattering. During an inelastic scattering
event, the internal state of the collision partners changes as a result of the collision.
The excess energy of this process is gained by the participants as kinetic energy.
Consequently heating or atom loss from the trap can be observed around Feshbach
resonances. In fact, this is a commonly used experimental method for the detection
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of these resonances. Inelastic processes themselves not only play an important role
during the cooling stages of a condensate, but also impact the lifetime as well as the
coherence of the resulting sample. Moreover, experimental control of inelastic losses
would open up the possibility of engineering and investigating dissipative systems.
In the next section we will discuss the different types of inelastic scattering processes
in our system.

1.2.3 Inelastic collisions

In ultracold atomic systems, collisional processes play a crucial role in determining
the stability and properties of the trapped gas. Collisions that lead to a change in
the internal quantum state of at least one of the participants are known as inelastic
collisions [88]. Inelastic collisions are classified by the number of atoms involved
in the interaction. The resulting change in energy from an inelastic process is dis-
tributed amongst the participants as kinetic energy, often leading to a reduction
of lifetime and coherence as well as heating of the trapped gas. Typically these
processes are therefore modelled via the rate of change of the particle number and
temperature of a sample in a trap over time. The change of density n(r,t) takes the
following form:

n(r,t) = —kin(r,t) — kon(r, t)? — ksn(r, t)* — ... (1.19)

where k; is the collision rate coefficient, which characterizes the i-body loss. For
ultracold systems ¢ = 1,2, and 3 are relevant. This section gives an overview of
each of these inelastic collisions. We also look at the effect that these processes have
on a trapped sample and the model we use to fit the evolution of thermodynamic
quantities.

We begin with one-body losses!. They stem from either interactions with the
background gas particles, or the absorption of a photon from the optical trapping
light. The loss rate due to these collisions is determined by the quality of the vacuum
of the experiment, and by the intensity of the trapping light, respectively. These
processes are density independent and follow an exponential decay with a loss rate
of 1/k;.

Next we turn to two-body collisions. They come in the form of spin exchange and
dipolar relaxation collisions. Spin exchange collisions occur as a consequence of the
exchange of electronic spin states between colliding atoms conserving the total spin
projection, while dipole relaxation involves spin flips induced by the coupling of spin
angular momentum and orbital angular momentum. In contrast to elastic collisions
where the scattering length is purely real, inelastic processes can be modelled in
terms of a complex scattering length a = Re(a) + Im(a). The imaginary component
arises from atoms being lost from the elastic channel [88]. The two-body loss rate
coefficient is given by the imaginary part of the scattering length

8h
ky = —Im(a). 1.20
2 = (o) (1.20)
It is worth noting that two-body inelastic collisions only become relevant to systems
that are not in their hyperfine ground states.

LOne-body collisions do not necessarily lead to a change of internal state, and are hence not
necessarily inelastic in nature. However, since they result in loss of atoms from the trap they are
usually included in the standard inelastic loss models.
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Figure 1.4: Depiction of two separate spin-exchange mechanisms for three-body
recombination in the presence of inelastic two-body loss. The spin state of the
particles is represented by different colors and a molecule is shown by two connected
particles. In the upper pathway one particles conserves its spin throughout the
entire collision process. In the lower pathway all three scatterers undergo a spin
exchange. This illustration is adapted from reference [98].

Finally, we examine three-body recombination, a molecular formation process re-
quiring three atoms. This three-body requirement stems directly from conservation
principles. To understand why, we consider formation of a molecules via two collid-
ing atoms. During the collision their net momentum in the center-of-mass frame is
equal to zero. After the atoms form a molecule, they must leave the collision center
together. However, since the binding process releases energy, conservation of both
energy and momentum cannot be satisfied by just these two atoms alone. A third
atom is required in order to absorb some of the released energy and momentum,
allowing all conservation laws to be satisfied simultaneously.

In the universal regime, i.e., a > l,qw, dimensional analysis implies that the
three-body loss rate coefficient k3 scales as a* [99-103]

ha*

ks = C(a) o (1.21)
where the dimensionless factor C'(a) is an oscillatory function of In(a) arising from
Efimov physics [100, 104]. The situation can become significantly more compli-
cated in the presence of two-body dissipation, i.e., if the collision participants also
undergo a spin flip during a three-body recombination process. Three-body spin
exchange collisions can occur via two different spin-exchange pathways illustrated
in Figure 1.4 [98]. In the first pathway only one of the participants conserves its
spin during the recombination process, while in the second pathway all three atoms
experience a spin exchange. In chapter 5 we find indirect evidence the latter of these
processes through a dramatic increase of kj.

We now turn to the expected heating and loss rate of the sample. For any
participants that undergo a change of the internal spin state, the energy gained from
this process is of the order of the hyperfine splitting, which far exceeds the depth of
the optical trap, leading to an immediate ejection of the collision partners from the
trap and no further heating. However, for both two- and three-body processes the
collision rate has a density dependence, hence a greater atomic loss rate is expected
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at the center of the trap, where the density is the highest. Cold atoms preferentially
occupy the center of the trap leading to what is known as ”anti-evaporative” heating.
From Eq. (1.19) we can see that the density dependence for two- and three-body
collisions is n? and n3, respectively, meaning that the anti-evaporation is much more
significant for three-body scattering.

For three-body recombination, without a spin exchange, there is a further heating
process. The kinetic energy gained by the collision participants is equal to the
molecular binding energy Fj,. In the lab frame the energy on average is divided as
1/3 and 2/3 among the molecule and the atom, respectively. In the universal regime,
the molecular binding energy given by Ej, = h*/m,a® (Eq. (1.16)). This is often far
greater than the trap depth and as with the spin-exchange collision would result in
an ejection of the participants from the trap. However, close to resonance, where
a diverges, the binding energy will be small and the atom as well as the molecule
can remain trapped for a longer period of time. This gives rise to further heating,
known as recombination heating [105].

All of the processes discussed here result in a loss of atoms and or heating of the
trapped sample. The inelastic scattering rates can be determined via the rate of trap
loss and heating. Before concluding this section, we will briefly discuss the model
used for the time evolution of the number and temperature of atoms that remain
trapped. For a thermal sample in a harmonic trap the density has the following
form

N (t)wpwyw,m3/? m(wix? + wiy® + w2z?)
exp | —
QrksT(0)32 P 2T (1) ’

where N(t) and T'(t) correspond to the remaining number of trapped atoms, and
temperature of the remaining distribution, respectively. To obtain the rate of change
of N(t) we simply sum Eq. (1.19) over all of space

N(t) = / i(r,t)d*r = —k,CC~Y (%) : (1.23)

where C' = (m@?/2rkg)3/2.

n(r,t) = (1.22)

1.3 The cesium atom

The cesium (Cs) atom has 55 electrons, with a single electron occupying the out-
ermost electron shell, the valence shell. Consequently, it is categorized as an alkali
metal. Its low ionization energy of 375.7 kJ/mol makes it one of the most reactive
elements on the periodic table. Cs has only one naturally occurring stable isotope:
133Cs. For simplicity, we refer to 133Cs simply as ”Cs” throughout this work. With
a mass of 132.91 g/mol, Cs is the heaviest of the stable alkali atoms.

The valence electron of Cs resides in the 6s orbital. Coupling between the orbital
angular momentum (L) of the valence electron and its spin angular momentum (.5)
gives rise to a fine-structure doublet. Since the valence electron occupies an s-orbital
(L = 0) in the ground state, the fine structure only affects excited states [106]. The
two important ground state transitions are known as the Dy (62512 — 6°P;j2)* and

2Here the first number refers to the principal quantum number of the valence electron, the
superscript is equal to 25 4 1, the letter corresponds to the orbital angular momentum of the outer
electron, where L = 0,1,... gives S, P,... and finally the subscript is equal to J.
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Figure 1.5: Scattering length as a function of magnetic field for spin states (3, 3)
and (3,2) from B = 0 to 200 G. The blue, purple and pink curves are the scattering
lengths for (3,3)+(3,3), (3,3)+(3,2), and (3,2) + (3, 2) spin channels, respectively.
The dashed gray line indicates a = 0 ag. We usually work in the highlighted region
between 0 to 50 G. In chapter 5 a Cs BEC in the (3,2) state was created both in
the shaded 150 G region as well as below 50 G. This data is from reference [108].

D, (62512 — 6%Py/2) lines, which have a frequency difference of approximately 16.6
THz. On the path to a Cs BEC, the D5 line, which is a cycling transition, serves as
cooling transition for both the magneto-optic trap and the Raman sideband cooling
phase in our experiment. For a comprehensive description of the entire cooling
process see reference [107]. Further coupling between the total electron angular
momentum (J) and the total nuclear spin (/) gives rise to hyperfine structure,
characterized by the total angular momentum F' = I 4+ J. In the ground state
(6251 /2), where J = 1/2 and I = 7/2, the hyperfine structure splits into two levels
with F' = 4 and F' = 3. This splitting, with the exact value of 9.192631770 GHz,
has served as the official definition of the second since 1967. In the presence of an
external magnetic field, the hyperfine levels are further split into 2F + 1 magnetic
sublevels, mg, due to the Zeeman effect. In this thesis, the Cs condensate is prepared
in the absolute ground state (F,mg) = (3,3). In Chapter 5, we also demonstrate
the first creation of a BEC in the (3,2) state.

1.3.1 Interaction properties of cesium

Cesium is both cursed and blessed with an extremely rich landscape of Feshbach
resonances. It is cursed because in many spin states these resonances make it non-
trivial to condense. Many early attempts to condense Cs were unsuccessful [109—
113] due to unfavorable scattering lengths and inelastic losses in various spin states.
Cesium condensates have thus far been achieved only in the absolute ground state,
(3,3). The (3,3) state, being a high-field-seeking state, cannot be magnetically
trapped, however, it blessed with both wide and narrow resonances at low magnetic
fields as shown in Figure 1.5. Specifically, there is a broad resonance with a pole at
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Figure 1.6: Bloch bands for different lattice depths. Eigenstate energies correspond-
ing to the Bloch states as a function of quasi-momentum for lattice depths. This
figure is taken from reference [107].

B = —11.7 G, which results in a shallow zero crossing at B = 17.1 G, and narrow
resonances at B = 19.84 G and B = 47.97 G [88] that are routinely used in our
experiment. This combination of broad and narrow resonances enables precise tun-
ing as well as rapid quenching of interactions. Following its initial condensation in
2003 [114], Cs has served as a highly productive testbed for studying a wide range
of phenomena, from the observation of Efimov physics [104, 115] to the creation of
ultracold molecules [116-118] and strongly correlated 1D physics [14, 17, 45, 119],
long-range tunnelling [120], matter-wave jets [121]. While these achievements show-
case the versatility of cesium in the (3,3) state. In chapter 5 we discuss the first
realization of of a Cs BEC in the (3,2) state, expanding the possible interaction
ranges for mixtures and impurity physics.

1.4 A brief glimpse at atoms in an optical lattice

In chapters 2, 3, and 4 we present experiments investigating the physics of 1D
systems. In our experiment, a 1D system is realized by superimposing two optical
lattices. Before delving into the theoretical framework of 1D systems, we will briefly
describe the motion of an atom in an optical lattice and the experimental conditions
required for a system to be considered 1D. Optical lattices are created by the in-
terference of counter-propagating laser beams. For a laser far-detuned from atomic
resonance and with a beam propagation direction along z, the resulting potential
for an atom at the beam focus can be described by

Vit (r, 2) = —Voe 27196 cos? (ky,2). (1.24)

Here, V} is the lattice depth expressed in units of the recoil energy Er = h*k? /2m,
wo the 1/e*radius of the beam, r is the radial distance from the beam center, and
A is the wavelength of the laser beam. Experimentally, this periodic potential can
be created by simply retro-reflecting a single beam. The constructive interference of
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Figure 1.7: Illustration the experimental realization of a 1D system in our experi-
ment. We use two orthogonal retro-reflected laser beams. The beams are superim-
posed with the BEC resulting in a bunch of vertically oriented tubes. This figure is
taken from reference [122].

the incident and reflected beams produces a potential four times deeper than that
of a single, non-retroreflected dipole trap of the same intensity. In our experiment
we use an optical lattice with a wavelength of A = 1064 nm. For Cs this corresponds
to the recoil energy 1 Egr = 64 nK xkg = 1325 Hz xh.

The dynamics of a particle in a potential Vi (7, 2) is governed by the Hamiltonian

A ]32

H = o + Vext (7, 2), (1.25)
where p is the momentum operator. In the absence of a potential (Vi (r,z) = 0)
the complete basis of solutions to the Schrodinger equation is given by a set of plane
waves with momentum p. For a periodic potential, delocalized Bloch states serve
a similar purpose. First described in the context of electrons in a crystal, Bloch
waves are products of a plane wave e“*/" with quasi-momentum ¢ and a spatially
periodic function uf(z) such that uj(2) = uj(z + d). The periodicity is given by
the lattice period: d = A/2 = w/ky. Thus, the Bloch state can be written as
G g(2) = /My, (2). Due to the periodicity of the potential, ¢ can be restricted to
the first Brillouin zone [—hky,, hky] without loss of generality. It should be noted that
quasi-momentum ¢ is not equivalent to physical momentum. Within the Brillouin
zone the quasi-momentum is conserved. Each ¢ corresponds to a set of energy
eigenstates F,(q) forming discrete levels, indexed by the band number n. Figure 1.6
illustrates the energies of the three lowest bands as functions of quasi-momentum
for different lattice depths. In the limit of vanishing lattice depth these bands are
parabolic corresponding to free particle dispersion. For larger lattice depths the
band gaps opens at the edge of the Brillouin zone. As the lattice depth increases,
the gap also increases and the bands flatten over the entire Brillouin zone.

The band structure has direct consequences for creating lower-dimensional quan-
tum systems. In experiments, 1D systems can be realized using a two-dimensional
lattice potential created by two orthogonal pairs of retro-reflected laser beams.
When a BEC is loaded into this lattice and the lattice depth is adiabatically in-
creased, the band gaps in the transverse directions increase. This increased energy
separation between the lowest and first excited bands, which is approximately equal
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to the transverse excitation energy hw |, effectively restricts atomic motion in these
directions. As a rule of thumb, a system is considered to be 1D if the transverse level
spacing dominates other relevant energy scales. Specifically, when hw, > u, kgT),
where w, is the transverse frequency of the tube, u is the chemical potential, and
kgT is the thermal energy of the system. Under these conditions, atoms lack suf-
ficient energy to occupy higher transverse bands and remain confined to the lowest
energy band, with their wave functions ”frozen” in the transverse ground state. This
results in the confinement of atoms within arrays of parallel 1D tubes, as illustrated
in Figure 1.7, where quantum dynamics occur exclusively along the tube axis.

1.5 Interacting systems in lower dimensions

The dimensionality of a system can fundamentally change its behavior and charac-
teristics. In quantum systems, reduced dimensionality amplifies the influence of both
interactions and quantum fluctuations giving rise to a range of quantum phenomena
that are absent in the higher dimensional counterparts. One-dimensional systems in
particular exhibit remarkable properties such as spin-charge separation [58], where
spin and charge excitations propagate independently at different velocities, and the
conventional binary description of quantum statistics becomes less well defined. The
latter is exemplified by the Tonks-Girardeau gas [36, 62, 63] where strongly interact-
ing bosons effectively behave like fermions. In chapter 3 we observe the emergence
of entirely different particles known as anyons [123, 124], where the wavefunction
acquires an arbitrary phase factor upon exchange. An important feature of 1D sys-
tems is also the existence of integrable models. The most notable characteristics
shared by these models is that multi-particle scattering decomposes completely into
two-particle scattering, and they possess an infinite number of conservation laws
that prevent the system from thermalizing [125]. The exact solutions of these inte-
grable models can be found via the Bethe ansatz, which was first developed by Hans
Bethe in 1931 [61].

A large portion of the work summarized in this thesis focuses on 1D systems.
The following section provides a brief overview of these systems, beginning with
Luttinger liquid theory [8-10], which serves as a universal description of interacting
particles in 1D. We then examine the Lieb-Liniger model [59, 60], discussing its
various interaction regimes and deriving solutions via the Bethe ansatz.

1.5.1 Luttinger liquid

In 1956, Landau first formulated a description of strongly interacting electrons in
metallic solids. For a zero-temperature metal without interactions, electrons popu-
late all available momentum states up to the Fermi energy Fr. Removing or adding
electrons to the system leads to low energy excitations, which can be described as
electron and hole pairs near the Fermi surface. For interacting electrons, instead of
describing the motion of the electrons themselves, Landau reformulated the prob-
lem in terms of non-interacting quasi-particles. These quasi-particles are essentially
dressed electrons, but with a renormalized mass and magnetic moment. Remark-
ably, this renormalization works even for the case of strong interactions. Today
this model, known as the Fermi liquid theory [56, 57], is the standard description
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Figure 1.8: Comparison of 1D and higher-dimensional (2D) systems. Top row:

Higher dimensional interacting systems can be described in terms of quasi-particles.
(a) Due to the large phase-space availability in higher dimensional systems, particles
can move without encountering each other, resulting in small collective correlations.
(b), (¢), In momentum space, all excitations below twice the Fermi momentum kg
are available (gray shaded region in (b)). Bottom row: In an 1D system, (d), the
particles are unable to move without encountering a neighboring particle. (e), (f),
In momentum space, the Fermi surface reduces to two points thus not all excitations
are available. The shaded area in (e) shows the region where excitations are possible.
In (f), the energy spectrum close to Fermi momentum can be approximated as linear
spectra (dashed line). Two possible low energy excitations on top of the Fermi sea
are shown with arrows. This depiction is adapted from reference [58].

of many metals in 2D and 3D and is key to understanding microscopic quantum
phenomena such as Landau quantization and BCS superconductivity. It is a power-
ful theory that can be applied to many different situations, from a Helium-3 liquid
to electrons in metals, and further to neutrons in neutron stars. However, in one
dimension Landau’s quasi-particle picture breaks down. Here a different description
is required.

Unlike in higher dimensions, in a 1D configuration excitations are collective [58].
Figure 1.8 shows a schematic illustration of the difference between the 1D and 2D
case, but the same arguments also apply for 3D. In 2D and 3D the large available
phase space allows the particles to move without encountering each other rendering
interactions much less important (Figure 1.8(a)). In contrast, for a 1D geometry
any local motion of a single particle results in the collective motion of the entire
system (Figure 1.8(d)). Even small interactions hence have a significant effect. The
behavior of this system is captured by a low-energy effective field theory known as
Luttinger liquid theory [58, 126]. Instead of local quasi-particles, as in the Fermi
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liquid theory, here the system is described in terms of wave-like excitations of the
density, or the charge. Due to the bosonic nature of these excitations this formu-
lation is known as ’bosonization’ [58, 127, 128]. The Fermi surface in the 1D case
reduces down to two points resulting in low-energy excitations being well defined
by a linear dispersion curve (Figure 1.8(f)). Moreover, this leads to a forbidden
region between zero and twice the Fermi momenta kp, where no excitations are
allowed (Figure 1.8(e)). This clearly differs from a higher dimensional geometry
(Figure 1.8(b) and (c)), where there is no such a forbidden region and zero-energy
excitations at arbitrary momentum are always possible.

Another curious consequence of strong correlations in a 1D fermionic system is
that the spin and the charge degrees-of-freedom of the particles decouple and behave
as independent quantities [129]. Both the spin and the charge propagate indepen-
dently and carry different types of excitations: holons, or chargeons, for the charge
and spinons for the spin. This phenomena, known as spin-charge separation, is fun-
damentally different from the Fermi-liquid quasi-particle, where the spin and the
charge are always coupled. One further intriguing property of Luttinger liquids that
deserves a mention here, is that correlation functions exhibit power-law behavior in
1D. Even though Luttinger liquid theory was first developed for weakly interacting
fermions, it equally applies to weakly interacting bosons [128].

The Hamiltonian describing the Luttinger liquid is given by the following expres-

sion [128]
Hyp = 2—; dz [K <%q3(z))2 + % (%é(z)y] . (1.26)

Here, QAS(Z) and é(z) represent the density and phase field operators, respectively.
The velocity v is the velocity of collective excitations, or sound-like modes, and
the parameter K entirely characterizes the macroscopic properties of the system.
The Luttinger parameter K is related to the interaction strength as well as the
compressibility of the system. For non-interacting fermions K is equal to one, and
for repulsive (attractive) interactions K <1 (K >1).

The Luttinger liquid theory has proven to be a remarkably successful model for
1D systems providing a universal low-energy description for bosons and fermions [130].
Moreover, it is applicable to arbitrary interaction strengths. However, the Luttinger-
liquid model relies on the aforementioned linearization of the energy dispersion
around the Fermi points. At high energies, the dispersion becomes nonlinear, caus-
ing the Luttinger liquid theory to break down [131]. The Luttinger liquid theory
also assumes the system to be gapless and in, or near, equilibrium. It is therefore
not applicable in the presence of a lattice, nor does it describe out-of-equilibrium
dynamics. Fortunately, in 1D there also exist exactly solvable, or integrable, models.
One of these systems is the Lieb-Liniger model describing 1D interacting bosons.
This is what we will look at in the next section.

1.5.2 The Lieb-Liniger gas

The Lieb-Liniger model describes 1D bosons with contact interactions. It was first
formulated in the early 1960s by Elliot Lieb and Werner Liniger [59, 60| and is
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defined by the following Hamiltonian

~ h? o?

HLL: —%Za—'zg—i‘ngZé(Zi—Zj)? (127)

1 1<)

where the first term describes the kinetic energy of the particles and the second term
models the inter-particle contact interactions with strength g;p. What makes this
many-body Hamiltonian so remarkable is not just its simplicity, but the fact that it
is integrable, and hence one can find an exact solution via the Bethe ansatz.

For many years the Lieb-Liniger model remained a mere theoretical playground
for studying non-perturbative effects. However, with the advent of ultracold atoms
this model found renewed interest. For ultracold gases, the system is dilute and cold
enough, such that we can assume that all of the interactions are well described via
two-body contact interactions given by a delta potential. Confining the system in a
2D lattice geometry, as described in section 1.4, freezes out the transverse degrees of
freedom. The interaction strength then can be characterized by the parameter [17,

132]
2h%a, 1
_ 1.28
9D = e (1—1.0326%/%)’ (1.28)

where a; = /h/(mw_) is the transverse harmonic oscillator length. Equation (1.28)
shows that gip is influenced by the confinement via a,. For a, < a, the coupling
strength can be approximated by 2k%a,/(ma,). However, if a, ~ a,, as can be
realized close to a Feshbach resonance, g;p diverges and we encounter what is know
as a confinement-induced resonance (CIR) [17]. Experimentally these resonances
can be utilized to tune the interaction strength in a 1D system.

We now turn to the various interaction regimes of the Lieb-Liniger Hamiltonian
(Eq. (1.27)). It is useful to define the dimensionless Lieb-Liniger parameter [59]

_ mgip
h2n1D ’

(1.29)

where nip = N/L is the 1D density, N is equal to the number of particles and L the
length of the system. For weak interactions (v ~ 0) a large portion of the bosons
occupy the zero momentum state forming a quasi-condensate. Note that, even
at zero temperature, a true condensate cannot form in 1D, since long-range order
is always destroyed by quantum fluctuations [82, 133]. For very strong repulsive
interactions (y — o0o) the system becomes more correlated and the bosons become
impenetrable. Their strong repulsion resembles the Pauli exclusion principle and
they begin to act as free fermions. This is known as the Tonks-Giradeau regime [36,
62, 63].

Within the mean-field regime, one can intuitively interpret v as the ratio be-
tween the interaction energy Fi ~ nipgip and the kinetic energy Ei;, ~ hQn%D /m.
Unlike the higher dimensional counterparts, in 1D, the ratio Eiy/Fy, is inversely
proportional to the density. This peculiarity leads to the system becoming more
strongly-correlated as it becomes more dilute. This mean-field interpretation of
v & Eing/Exin begins to break down as the atoms build up strong correlations and
enter the Tonks regime. Unlike v, which diverges, the ratio of the interaction and
kinetic energy saturates to a finite value [134]. A more accurate way of looking at
y-parameter is in terms of the 1D interaction length r, = h?/(mgip), which quan-
tifies the overlap of the wavefunctions of two repulsively interacting particles [135].
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The ~-parameter can thus be viewed as the ratio between the mean inter-particle
distance 1/nip and r, or equivalently the inverse of the average number of particles
per interaction length.

Next, we look at the attractive regime of the Lieb-Liniger Hamiltonian. Here
the situation becomes more nuanced, since there are two possible states. Firstly the
system can form bound states, known as Bethe strings [61]. The ground state is
described by the McGuire cluster state [136], where all of the atoms bind to form a
giant string. In the thermodynamic limit (N, L — oo with N/L fixed), the McGuire
cluster is unstable and experimentally unattainable, due to uncontrollable atom loss
arising from short-range molecular processes. Higher-lying, small Bethe string states
have been recently observed in condensed matter systems [137, 138]. In ultracold
systems Bethe strings can be prepared by adiabatically ramping the interactions
from the repulsive to the attractive regime [139]. The rate of the sweep crossing
the zero interaction point, as well as the initial temperature and density of the gas,
determines the bound states population. Once created, these states do not decay to
lower lying states due to the integrability of the system. The second state, which
is a metastable phase, is achieved when the interactions are quenched across a CIR
from the the repulsive Tonks phase to v = —oo. Here the gas retains the strong
correlations from the Tonks phase and forms an excited many-body state, which is
composed of unbound particles. This state is known as the super-Tonks state [17,
140-143].

It is important to note that one of the main limitations of the Lieb-Liniger
Hamiltonian is that it describes a homogeneous system. Many ultracold experiments
use an external trapping potential, resulting in a density of particles that varies
in space. The typical sizes resulting from the trapping potential are mesoscopic,
which makes their effect relevant. The Bethe ansatz solution assumes translational
invariance, therefore the trapping potential breaks the integrability of this model.
Nonetheless, signatures of integrability are still preserved even in the presence of
an external trap [144]. For the remainder of this section we look at the Bethe
ansatz solutions of the Lieb-Liniger Hamiltonian. This discussion will mostly follow
references [125] and [145]. To begin with, we will focus on the solutions in the
repulsive case, and further on in the chapter we will move onto the attractive case.
For convenience we will hereon in use ¢ = mg;p/h? to parameterize the interactions.
In this notation, the Lieb-Liniger parameter can also be written as v = ¢/njp. Since
the Tonks regime can be mapped onto free fermions, it is further useful to define
a Fermi momentum kg = 7nip, a Fermi velocity vp = hkp/m, and a Fermi energy

Er = (hkr)?/(2m) for the system.

1.5.3 Two-particle problem

An important property that is shared by all integrable models is that each N-
particle scattering event can be decomposed into a series of two-particle collisions
processes. We, therefore, start off by considering a two-particle scattering event. In
particular, we determine the resulting scattering phase shift using the Bethe ansatz.
In section 1.5.4 we extended this solution the N-particle case. For simplicity we
set h = 2m = 1 for the remainder of this chapter. For N = 2 the Lieb-Liniger
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Hamiltonian (Eq. (1.27)) becomes

- 0? 0?
H=—— — — +2c)(z — 22). 1.30

022 022 (21 = 2) (1.30)
For two identical bosons we require the many-body wavefunction to be symmetric
under exchange (21, z9) = ¥(22,21). We, therefore, write a generic eigenstate for

this system by dividing the space into the z; < 2z, and z; > 2, regions

Y(z1,20) = f(z1, 22)0(22 — 21) + f(22, 21)0(21 — 22), (1.31)

where

I(z) = {é z z 8 (1.32)

is the Heaviside step function. The key insight of the Bethe ansatz is that in regions
where 21 # 2z, i.e., where the J-function vanishes, the particles behave like free
particles, and the solution can be written as a superposition of plane waves. The
solution to the eigenvalue equation, hence, takes the following form

f(Zl, ZQ) = A(kl, kg)ei(klzlJerZQ) —+ A(kg, kl)ei(k221+klz2)

— Apeitizathaz) A pilkezitkize) (1.33)

where k; and ky are quasi-momenta known as rapidities [146-149], and A, and
Agy are coefficients dependent on k; and ko. Equation (1.33) is known as the
Bethe ansatz [61, 150-152]. Taking into account the relations 0,9(z) = d(z) and
f(2)0,0(z) = —0,f(2)d(z), which holds for any f(z), we get

02 (21, 22) =02, f (21, 22)0(22 — 21) + 02, [ (22, 21)0(21 — 22)

_ az1f(zla 22)5(2’2 — 21) + azlf(227 21)5(21 _ 22). (1.34)

The Schrodinger equation, therefore, becomes

Hip = (ki + k3)

, 1.35
+ 25(21 - ZQ)[C(AlQ + Agl) - i(Alg - Agl)(k’l - k2)]€z(k1+k2)21‘ ( )

This eigenvalue equation is satisfied, provided that the amplitudes Ao and Ao

satisfy
A12 . Z(kl — kQ) +c

= - : 1.36
Agl Z(k?l — ]{?2) — C ( )
Since Eq. (1.36) has a unit modulus, it can be rewritten as
Arp 0 (k1 —k
22— gk 1.37
™ (1.37)
where "
0(k) = 2arctan <—) + . (1.38)
c

Note that this phase shift is derived from the continuity conditions imposed by
the o-function potential (Eq. (1.36)) and thus specifically corresponds to contact
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Figure 1.9: Schematic illustration of the Wigner time delay. The scattering phase
shift can be interpreted semiclassically as a time delay. For an elastic two-body
interaction event in 1D the resulting positions of the particles are shifted by A(k; —
k) with respect to the collision center. This images is adopted from references [145,
153].

interactions. Each integrable potential will have its own characteristic phase-shift
function. The phase shift (k) in Eq. (1.38) has two important limiting behaviors.
First, as ¢ — o0, it matches free-fermion scattering. Secondly, for any non-zero c,
if k1 = ko, we have A;5 = — Ay causing the wavefunction to vanish. Hence k; and
ko must necessarily be different. This shows that the Lieb-Liniger model, despite
describing bosonic particles, has solutions with distinctly fermionic characteristics.
We redefine the scattering phase as an odd function that vanishes at &k = 0

0(k) = 2 arctan (E) . (1.39)

C

A remarkable aspect of the Bethe solution is the quasi-particle interpretation of
the strongly interacting system. The plane waves in the ansatz can be viewed as
quasi-particles characterized by momenta, or rapidities, k1 and k5. In this picture,
the elementary excitations are not the original bare particles but emergent entities
with modified dispersion relations and scattering properties. The rapidities play an
important role as they are accessible both theoretically and experimentally. Taking
a closer look at the Bethe ansatz (Eq. (1.33)) we can see that it represents a two-
body scattering process. In 1D systems, scattering events result in the exchange
of momenta between interacting particles. The Bethe ansatz contains both the
initial state with rapidities k; and ky and the scattered state with these rapidities
exchanged. The ratio Aj3/As; quantifies the scattering amplitude between these
quasi-particles.

An additional property of this system is that the momentum derivative of the
scattering phase can be interpreted as the effective duration of the interaction be-
tween the particles [154]. This is know as the Wigner time delay. In Figure 1.9
we give an illustration of this concept. Following the interaction, while the Bethe
ansatz describes extended plane wave states, one can consider the dynamics of lo-
calized wave packets with central momenta k; and ky. In this wave packet picture,
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the position of each packet is equal to [145]
21 = klt — A(kg — kl), (140)

and

respectively. Here A(ky — ki) is the derivative of the scattering phase

Alk) = di(:) - kaQ. (1.42)

For the repulsive Lieb-Liniger model this shift results in a time delay, which plays an
important role in the theory of generalized hydrodynamics discussed in section 1.6.

1.5.4 N-particle Bethe ansatz

Having solved the two-particle problem we now move onto the N-particle problem.
We now start with the complete Lieb-Liniger Hamiltonian (Eq. (1.27))

82
—Z@+2c25(zi—zj). (1.43)
i ! (i.5)

We again assume that, away from the discontinuities given by the delta functions,
our wavefunction is a superposition of plane waves

N
— ZAP exp <ikaij> , 21 <2< .. 2N (1.44)
P j=1

where k; are the quasi-momenta, or the rapidities. The permutations of the quasi-
momenta order are denoted by P, and the amplitude corresponding to each per-
mutation is given by Ap. As previously mentioned, for the Lieb-Liniger model a
multi-particle scattering can be factorized in two-particle events. Thus, the same
procedure as in the two-particle problem can be applied here leading to a phase shift
of

A ’

where k and k&’ are the momenta exchanged between the permutations P and P’.
The permutations P and P’ are related by the exchange of P(j) and P(5 + 1)

Ap _ giotew) (1.45)

P'=(P1),P2),...., P —1),P(G+1),P3U),P>U+2),....,P(N)).  (1.46)
Next we impose a periodic boundary condition
U(z1,29,...,2+L,....2n) = W(21,22,. .., 2, ..., 2N) j=4q,...,N. (1.47)

This leads to the following conditions

I{Jl—|—ZC
=1,...,N. 1.48
Hk—kl—'lC’ j ) 9 ( )
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Figure 1.10: Illustration comparing the excitation spectrum of a weakly and a
strongly interacting 1D system of bosons. (a) For weak interactions (y < 1) the
excitation spectrum is given by the Bogoliubov theory. (b) For strong interactions
(v > 1) two distinct excitation modes emerge: Lieb I and Lieb II. While Lieb I
describes a particle-like excitation, Lieb II is a hole-like excitation. The shaded re-
gion represent the allowed excitations. Inset: Illustration of particle- and hole-like
excitation on a Fermi surface, where the hollow circle depicts a hole. (c) Pictorial
illustration of the two elementary excitations. The different colors highlight the two
different types of excitations. This depiction is adapted from references [131, 155].

Taking the logarithm on both sides and using Eq. (1.39) we get

N

=1

where [; are a set of quantum numbers that define the state. They are integers (half-
integers) if the number of particles N is odd (even). Equations (1.49) are known as
the Bethe equations and can be solved numerically. The total energy and the total
momentum of the system are given by

N
E=>k and Q=) k;, (1.50)
j=1

respectively. For the ground state, I; form a symmetric set centered around zero,
hence the total momentum in the ground state QQgs = 0. Excitations on top of the
ground state are constructed by modifying ;. Particle-like (or Lieb I) excitations
involve a particle at kr being excited above the Fermi surface resulting in a hole
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Figure 1.11: Excitation spectrum and speed of sound of a Bose gas for different
interaction strengths. (a) Excitation spectrum of a Bose gas. The solid lines corre-
spond to v = 0.1, 1,10, 100 (from bottom to top). The yellow dashed line is v = 0o
and the dashed gray line is the free particle dispersion. (b) Speed of sound in a
Lieb-Liniger gas as a function of «. The solid curve is the analytical solution of the
velocity of sound.

at kr and single particle alone above kp. For hole-like (or Lieb II) excitations, on
the other hand, a particle within the Fermi sea is excited to the edge leaving a hole
inside the Fermi sea. Figure 1.10 shows an illustration of the excitation spectrum of
a Lieb-Liniger gas in the case of weak and strong interactions. For weak interactions,
7 < 1, the excitation spectrum is well described by Bogoliubov theory [156]. As
v increases the excitation spectrum expands into a continuum between Bogoliubov
(Lieb I) and Lieb II branch [60]. Compared to Lieb II excitations, Lieb I excitations
require higher energy. In the Tonks limit, the low energy excitations are particle-
hole excitations, where a particle from the Fermi sea is excited above the Fermi
energy leaving behind a hole. Here the dispersion relation is identical to that of a
free Fermi gas. A particle-hole excitation involves removing a particle at kj, (leaving
behind a hole) and adding a particle at k,. The resulting momentum transfer to the
system is given by @) = k, — kj, which leads to a change in energy of

E=k —ky =k —(k,— Q) (1.51)

Here k, > kg, and kj, € [k, kr]. The minimum value of k, for a given @ is, thus,
k, = kp, leading to the following expression for the lower bound of the excitation
spectrum of a free Fermi or Tonks gas

BQ) =Q@2k—Q),  0<Q< 2k (1.52)

In Figure 1.11(a) we show the edge of the excitation spectrum for different values of
7. From here, we can also extract the speed of sound as v = 0E/0Q as @Q — 0. In
Figure 1.11(b) we plot v as a function of interaction strength . As ~y increases so
does v, eventually saturating for large v. The velocity of sound is a good approxi-
mation for the critical velocity of the system, which will play an important role in
section 1.7, where a mobile impurity is added to the system.

It is worth emphasizing the difference between the rapidities of the system and
the momentum of the actual particles. In Figure 1.12(a) we show the rapidity
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Figure 1.12: Comparison of rapidity and momentum distributions. (a) Rapidity
distribution f(k) for increasing interaction parameter 7 (low v gray to high ~ black).
The dashed blue line is the distribution of a Tonks gas. (b) Momentum distribution
n(p) of a Tonks gas (solid line), and for non-interacting fermions (dashed line).
Figure (a) and (b) are adapted from reference [59] and [132], respectively.

distribution f(k) of a Bose gas for different interaction strengths v as obtained
via Bethe ansatz. As interactions are increased, the distribution broadens. In the
Tonks limit, for v — oo, all of the quasi-momenta up to kg are equally occupied,
resulting in a distribution that matches the momentum distribution of free fermions.
However, the momentum distribution of the interacting Bose gas n(p) is given by

1

n(p) = Gy

/drdr’eip(rr/)g(l)(r, ') (1.53)
where, g™ (r,7') is the first-order correlation function
gY(r )y =N / dry ... dryU*(r,ro, ..., rN)V(r 19, o TN). (1.54)

In contrast to the rapidity distribution, n(p) of a (zero-temperature) Tonks gas,
shown in Figure 1.12(b), is sharply peaked at p = 0 reflecting the bosonic nature of
the particles. For low momenta p the momentum distribution follows a power-law
behavior n(p) oc |p|~/2, while for large momenta it follows a universal p~* [157]
decay governed by Tan’s contact parameter C' [158-161]. This asymptotic behavior
reflects short-range correlations of the gas. The contact provides a quantitative
connection between microscopic interactions and thermodynamic properties [159].
In chapter 2 we present our measurement of Tan’s contact in a 1D Bose gas from
the strongly repulsive to the strongly attractive regime.

1.5.5 Bethe string states

For the discussion so far we have assumed that the interactions between the particles
are repulsive, i.e., ¢ > 0. Let us now venture into the attractive regime ¢ < 0. For
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Figure 1.13: Energy of n bound state as a function of the interaction parameter.
The solid black to gray curves correspond to the interaction energy (Eq. (1.63)) of
the Bethe strings of size n = 2 to 5. Here the interaction strength is given in terms
of ¢ = 2me/h2.

this we will go back to the two-particle problem from section 1.5.3 and take a look
at the center-of-mass frame. We introduce the relative position and momentum as

z21 + 22 R — 29
9 Z: 9
2 2

K= kl + kg, k= ]{51 — ]{32. (156)

Z= (1.55)

Now rewriting Eq. (1.31) in the relative coordinates we get the following wavefunc-
tion

) A ikz A —ikz >0
W(Z,2) = k7 ] e T Ane 2 (1.57)
Aglelkz + A12671kz’ z<0
Similarly Eq. (1.36) can be rewritten as
<A12 — A21>k -+ iC(Alg + A21) =0. (158)

Let us now consider bound states, i.e., states with energies less than zero. In the
free Schrodinger equation, this corresponds to imaginary k. In this case we require
Im(K) = 0 to ensure that the wavefunction is well behaved at Z + oco. Similarily,
we need Ay = 0, for Im(k) > 0, and Ao = 0 for Im(k) < 0. These conditions now
dictate that the real part of k£ must vanish, and from Eq. (1.58) the following must
be satisfied:

A21 =0 = k= —ic, (159)

A12 =0 = k= 7;C, (160)
These conditions lead to the wavefunctions

f(z1, 2y) = etz 2gelmn—20/2. (1.61)

The first, and second exponential function in this equation represent the center of
mass and relative motion of the two particles, respectively. While the former is
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simply a plane wave, the later exponentially localizes the wavefunction for ¢ < 0.
This indicates that the particles form a bound state, where the characteristic bond
length is give by 1/|c|. Thus the stronger the interactions the tighter the bound
state.
This same methodology can be extended to a system of N particles resulting in
bound states or strings of length n with momenta
K n+1-2j
ki=——i——c¢

i=- 5 . j=1...n (1.62)

The total momentum of the string is » ;kj = K and the total energy

_K? nn*-1),

E ) 1.63
n 12 ¢ ( )

The real component of the rapidities corresponds to the center-of-mass momentum
of the string, while the imaginary parts of the rapidities, which are equally spaced,
determine the internal structure and binding energy of the string. In Figure 1.13
we plot the energy of the bound states up to n = 5 as a function of ¢ for param-
eters corresponding to Cs. Note that once the strings are created the integrability
of the system prevents further decay, thereby stabilizing the bound states [59, 162].
In chapter 2 we create Bethe stings in our experiment by ramping the interactions
across the zero interaction point. Our data quantitatively agrees with the recently
developed generalized hydrodynamics (GHD) theory [54, 55, 163]. In the next sec-
tion, we look at the emergence of GHD and the main equations behind the theory.

1.6 Emergent hydrodynamics in closed quantum
systems

Hydrodynamics, the macroscopic description of fluid-like behavior, has long been
a cornerstone of classical physics. It provides a powerful framework for under-
standing the collective dynamics of large-scale systems, from turbulent flows in the
atmosphere to the behavior of electrons in metal. Recently the principles of hydro-
dynamics have found renewed relevance in the study of closed quantum systems,
where the interplay between quantum mechanics and statistical physics gives rise to
novel emergent phenomena [165, 166].

In closed quantum systems, governed by unitary dynamics, the underlying mi-
croscopic equations are reversible. Yet, under certain conditions, the system exhibits
emergent behavior that closely resembles classical hydrodynamics. This occurs be-
cause local conservation laws, such as those for energy, momentum, and particle
number, impose constraints on the dynamics, leading to the formation of long-lived
collective emergent collective behaviors. These collective behaviors dominate the
system’s evolution at late times, irrespective of the complexity of the underlying
quantum interactions. As an example, consider the dynamics, specifically, the late-
time dynamics, of a single classical particle on a lattice (Figure 1.14). Microscop-
ically, the particle undergoes a random walk, whereas at the macroscopic level, its
behavior can be described by a probability distribution whose late-time dynamics
are governed by the classical diffusion equation. However, the situation changes
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Figure 1.14: Emergent classical hydrodynamics in quantum systems. Comparing the
microscopic model and the corresponding macroscopic description in the case of a
quantum and a classical particle. For a classical particle on a lattice the microscopic
description is given by a random walk, while the macroscopic description follows
classical diffusion. A single-body quantum system, on the other hand, shows ballistic
expansion behavior. In comparison, a many-body quantum system with interactions
gives rise to emergent hydrodynamics at late times. This illustration is adopted from
reference [164].

drastically when we consider a single quantum particle on a lattice. Instead of ex-
hibiting diffusive behavior, the quantum particle displays ballistic dynamics. Once
many particles are introduced, along with interactions between them, the system’s
long-term behavior typically reverts to being diffusive. This transition to classical
diffusion-like behavior (in the long-term dynamics) of many-body quantum systems
is closely linked to the thermalization of isolated systems, where different parts of
the system effectively act as a bath for smaller subsystems [167].

For strongly interacting systems that are globally out of equilibrium, but locally
in equilibrium, hydrodynamics has long been a valuable tool, relying on the local
conservation of mass, momentum, and energy (continuity equation). However, for
an integrable system, where there are an infinite number of conserved quantities,
conventional hydrodynamics has proven to be insufficient [168-172]. The recently
developed theory of GHD overcomes this problem by focusing on the evolution of
the momenta of the quasi-particles, the rapidities [54]. It relies on two fundamental
assumptions [173, 174]. First, it assumes that the system can modeled as a contin-
uum of spatially homogeneous fluid cells, where each cell contains many particles
and can be described by an integrable model. The second assumption is that the
time variation is slow enough such that each fluid cell remains in a local equilib-
rium. Notably, due to the many conserved quantities an integrable system cannot
relax to a thermal equilibrium. Instead it relaxes to a generalized Gibbs ensemble
(GGE) [175-177], which includes all conserved quantities in the description. The
generality of the assumptions used in the GHD theory also makes it applicable to
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Figure 1.15: Illustration of a system of identical classical hard balls restricted along
a single line of motion, which features GHD. (a) Elastic collisions between the balls
result in an exchange of velocities. The red ball illustrates that the velocity of the
balls can be indexed such that the bare velocity after each collision remains constant.
(b) At large distances and over extended time scales, the effective velocity of the
red ball (depicted by the red trajectory) differs from its "bare” velocity (shown in
orange). This illustration is taken from reference [145].

other integrable models besides the 1D Bose gas.

1.6.1 Generalized hydrodynamics

We will now take a brief look at the equations behind GHD. For precise derivations
and in general a more detailed overview of GHD see references [145, 174, 178]. In
a nutshell, GHD describes the evolution of the quasi-particles density by solving a
set of coupled equations known as the GHD equations. Firstly the GHD continuity
equation or the transport equation for the quasi-particles is written as

o\, z,t) 4+ 0, (v (N, z, t)n(\, 2, 1)) = 0, (1.64)

where n(A, z,t) is the distribution or occupation function for quasi-particles with
rapidity A at position z and time t. v*T(\, x,t) is the effective velocity of the quasi-
particles, which is dependent on the interactions between the quasi-particles. The
effective velocity is given by a second equation. It is determined by both the velocity
of the quasi-particles without interactions, the bare velocity v*3¢()), as well as the
interactions between the quasi-particles

() = P (\) + / ANAN = (V)@ T(N) = v°T(N)). (1.65)

Here A(N —X) is the scattering kernel. The interaction term of Eq. (1.65) (the second
term) describes the motion of the particle through the medium. Equation (1.65)
describes the dressing of the velocities of particles that move through the system with
the interaction with other particles [179-182]. This dressing incorporates physics
similar to Wigner time delays (Eq. (1.42)) but in a many-body context. Rather
than a simple sum of individual delays, the effective velocity emerges from a self-
consistent solution where all quasi-particles mutually influence each other’s motion
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through the dynamical medium. In Figure 1.15 we show an illustration of this for a
classical 1D hard gas system. The rapidities A in these equations are precisely the
same rapidity parameters that appear in the Bethe ansatz solution of the microscopic
integrable model, with n(\, z,t) representing the continuous limit of the discrete
rapidity distribution from the many-body Bethe wavefunction.

With the recently developed technique [149] providing experimental access to
the rapidity distribution of a Bose gas, GHD has been successfully compared with
experiments [183, 184]. To measure the rapidity distribution, we first quench the
external longitudinal trapping potential to a flat-bottom and allow the gas to expand
in 1D for time t;p until it reaches the dilute regime. A subsequent 3D time-of-flight
measurement then gives the momentum distribution of the dilute gas, which reflects
the rapidity distribution of the original trapped sample. In chapter 2 we use this
technique, as well as release energy measurements, to experimentally demonstrate
the applicability of GHD to interaction changes and systems with bound states.

1.7 Adding a lonely impurity in a Lieb-Liniger gas

Even a small perturbation in a 1D gas, such as the introduction of a single impurity,
can profoundly influence the behavior of the entire system, giving rise to dynam-
ics that extend beyond the scope of standard Luttinger theory. The presence of
an impurity in a 1D system can trigger a wide range of phenomena, including the
formation of polarons [185], where the impurity becomes dressed by the medium’s
excitations, and the Kondo effect [186], where the impurity dramatically transforms
the system’s properties. Furthermore, it can lead to Anderson’s orthogonality catas-
trophe [187], in which a single distinguishable particle alters the system’s transport
characteristics.

This section examines the behavior of an impurity interacting with a Bose gas.
We discuss the celebrated Yang-Gaudin model [43, 44]. In particular, we look at
the solution of the Yang-Gaudin model via the Bethe ansatz. We then discuss
the emergence of anyonic correlations [188] in the finite-momentum ground state of
such system. Finally, we turn to the out-of-equilibrium dynamics, discussing the
relaxation of a mobile impurity injected in a Lieb-Liniger gas and the subsequent
development of the so-called quantum flutter phenomenon [189, 190].

1.7.1 The Yang-Gaudin model (and emergent anyons)

The Yang-Gaudin model, independently developed by Michel Gaudin and Chen-
Ning Yang, describes a two component 1D gas of fermions with contact interactions.
The two components can either be seen as fermions with two different spins, spin up
(1) and spin down ({), or alternatively as two-component bosons with with SU(2)
symmetric interaction [64]. Here we discuss the specific case of the Yang-Gaudin
model of a single mobile impurity immersed in a Tonks gas with the same mass.
This specific case was first solved by McGuire [191, 192]. As previously discussed,
the Tonks gas maps onto a gas of spin-polarized free fermions. In this case, all the
observables related to the impurity are the same, whether the background is a Tonks
gas or a gas free femions. Below, we will consider a free fermionic background gas
that repulsively interacts with the impurity. We denote the impurity by | |) and
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the host by | 1). The Hamiltonian reads
N A2 A
b= Z = —+guZé 25— ), (1.66)
7=1

where z; (P;) denotes the coordinate (momentum) of the jth host gas particle,
j = 1.N, and z| (pimp) is for the impurity, and g;; the impurity-host interac-
tion strength. This Hamiltonian is integrable and can be solved via the Bethe
ansatz [191-193]. Below, we will go through the Bethe ansatz solution. For the
purpose of this discussion we will again set h = m = 1.

We begin with a transformation from the laboratory to the mobile impurity ref-
erence frame. This is known as the Lee-Low-Pines (LLP), or the polaron, transfor-
mation [194]

O — 0g =009 (1.67)

where O is an arbitrary operator and
Q = P12 (1.68)

where, ﬁT is the total momentum of the host particles. The momentum of the
impurity particles are changed by the LLP transform, while the momentum of the
host particles remains unaffected

This leads to the following total momentum of the system in the mobile impurity
reference frame

Py =P, (1.70)

We now apply Q to the wavefunction. Here it is important to remember that our
system consists of fermions in a continuum and is therefore translationally invariant.
The action of the momentum operator shifts all coordinates according to

etz f(x) = f(z + a). (1.71)
This results in

Q‘IJQ(Zl,,Zl, Ce ,ZN) = @Q(z¢,21 + Z@ .y RN + Z¢)

. 1.72
:e’in\IlQ(O,zl,...,zN), ( )

where ¥, is the wavefunction in the original frame, and the subscript () corresponds
to the total momentum of the system. Equation (3.31) can now be rewritten as

Uolzp,21,..0,28) = eiQZi\IIQ(O,Zl — 2,y AN — Z))

N (1.73)
=e @ ¢fQ(yb s ;Z/N)a

where y; = z; — 2, j = 1,...,N, and fgo(y1,...,yn) is the wavefunction of the
system in the mobile impurity reference frame.
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Figure 1.16: Excitation spectrum for different values of interactions. The solid line
is the dispersion of bosons interacting with an impurity with v44 = v3;, = 0.1, and 10
for (a) and (b) respectively. For comparison the dashed curve shows the dispersion
of the Bose gas without impurity. This figure is adapted from reference [195].

We now return to the Hamiltonian (1.66). In the mobile impurity frame it reads

N N

. 1 . 1 . .

Hy =3 S Py 5(11 —P)?+ g1 > 6(yi)- (1.74)
=1

i=1
The wavefunctions in the impurity frame can be written in terms of the following
Slater determinant [196]

€ik1y1 RN €ikN+1y1
Y : . :
folyr, ... yn) = TN b P 0<y <L, (1.75)
v(ky)) ... vikni1)
where
) P C— (1.76)

2 q—gn(A+i)/2
Here the factor Y ensures the normalization condition and the set of quasi-momenta

ki, ..., kyy1 satisfies a system of nonlinear equations
k;L  2k;
cot =— = =L _ A, j=12,...,N+1, (1.77)
2 gy

where A is a free parameter. These are the Bethe equations. The free parameter A
is fixed by the requirement that the sum of the quasi-momenta is equal to the total

momentum of the system
N+1

Q= Z kj. (1.78)

Finally the total energy of the system is

N+1

1 2
By =5 ; k3. (1.79)
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Figure 1.17: Momentum distribution of the impurity n(k, Q) for large repulsive
interactions 3, = 10, for different values of total momenta (). Black, red, and blue
curves correspond to @Q = 0 kg, 0.8 kr, and 1 kg, respectively. This figure has been
adopted from [188].

We now turn to the excitation spectrum of the system. The introduction of an
impurity changes the excitation spectrum drastically. Figure 1.16 shows the lower
edge of the spectrum for two different interaction strengths ;. The spectral edge
decreases with increasing interactions. In contrast to the Lieb-Liniger model, where
the dispersion relation is linear for small (), for the case of an immersed impurity
the edge of the excitation spectrum has a quadratic dependence

Q2

~ o

E(Q) (1.80)

Here m, is the effective mass of the impurity, which is always larger than m for any
non-zero repulsive interaction [197]. This can be understood as the impurity getting
dressed by the excitations of the background gas, thus the lower branch is called
the polaron (or magnon) branch. The bare excitation spectrum of the background
gas is also referred to as the exciton (or plasmon) spectrum in literature. In the
thermodynamic limit for large 74, the effective mass is given by

m o2

= o Y+ — Q. (181)
m* 3y
As 4, — 00, the effective mass m* approaches the total mass of the system (N +
1) x m. This has a clear physical interpretation: in the limit of infinite interactions,
the impurity becomes impenetrable, so moving the impurity requires displacing the
entire host gas collectively.
In the limit of infinite repulsion (g1, — o0) the edge of the excitation spectrum
flattens to zero. In this limit the Bethe equations (Eq. (3.36)) simplify to

kil _

cot 7 —A, j = 1,2, e ,N—l— 1, grl — OQ. (182)

The quasi-momenta k; are quantized as free fermion momenta with an additional
shift
ki =q;+ = j=1,2,...,N+1, gy — 00 (1.83)
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where, ;1 = —2tan(A) and ¢; are free-fermion momenta
2
g = %nj, nj=0,+1,+2 ... (1.84)

The total momentum of the system is obtained by summing over all quasi-momenta

N+1

Q= Z kj. (1.85)

The total momentum () is also related to u via

Q = kp(1+ p/m). (1.86)

A remarkable feature of this system in this limit is that the momentum distribution
of the impurity n(k, Q) for a total momentum ) maps onto a system of 1D hard-core
anyons as shown in Ref. [188]. Anyons [123, 124] are low-dimensional quasi-particles
that are neither bosons nor fermions. Rather than gaining a phase factor of 0 or =
upon exchange, such as for bosons and fermions, respectively, the wavefunction of
anyons acquire an arbitrary phase factor e upon exchange, where 6 is known as
the statistical angle. For the infinitely repulsive impurity case, the total momentum
of the system is related to the statistical angle via § = 7@ /kp. This allows us to
continuously tune the statistical angle from bosonic to fermionic by changing the
total momentum of the system. As shown in Figure 1.17, n(k, Q) is bosonic for
@ = 0 kg and fermionic for Q) = kp. For the intermediate case, Q = 0.8 kg, n(k, Q)
is asymmetric and peaked at finite k. Such an asymmetic momentum distribution
is a hallmark of an anyonic system. The mapping to an anyonic system can be
understood in terms of spin-charge separation (see chapter 3).

1.7.2 Quantum flutter: the dance between a particle and a
hole

So far we have discussed the ground state of an interacting impurity immersed in
a 1D Bose gas. Equilibrium properties of polaronic excitations in ultracold atomic
gases have been thoroughly studied both theoretically and experimentally [198].
However, the out-of-equilibrium transport properties of such impurities remain ex-
perimentally largely unexplored in these highly controllable cold atom platforms. In
chapter 4, we will show experimental results on the relaxation dynamics of an im-
purity injected with constant velocity into a strongly interacting 1D Bose gas. Here
we take a brief look at the theoretical description of a mobile impurity interacting
with a free Fermi or a Tonks gas, following references [189, 190, 199]. Note that
all the observables related to the impurity are the same, whether the impurity is
immersed in a background gas of either Tonks gas or fully polarized fermions. The
moving impurity is described by a plane wave with momentum () and thus gives the
following initial state of the system [189]

[in) = ¢}, |FS), (1.87)

where |F'S) is the wavefunction of the Fermi sea formed by the host particles and

622 | 1s the creation operator of an impurity with momentum ). The time evolution
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Figure 1.18: Quantum flutter. (a) Evolution of the mean impurity momentum for
different initial momenta (). For ) < kg the evolution of the impurity momentum is
a simple decay, while for () > kg The momentum exhibits long term coherent oscilla-
tions known a quantum flutter. (b) Illustration of the quantum flutter phenomena.
For a supersonic impurity, a superposition of a polaron, (where the impurity and
the hole travel independently) and an exciton state (where the impurity and the
hole bind together and propagate in unison) leads to long lived coherent oscillations
in the momentum of the impurity known as quantum flutter. During the initial
collisions with the host, majority of the impurity momentum is imparted onto host
particle resulting in an emitted wave packet. This figure has been adapted from
reference [189].

of the state [in) follows |in(t)) = ¢/ |in), where H is the Yang-Gaudin Hamiltonian
(Eq. (1.66)). Figure 1.18(a) shows the average momentum of the impurity (P, (t))
as a function of time for different values of (). Two distinct observations can be
made from this plot: first, the impurity never comes to a full stop and second,
there is a notable difference in the subsonic (@) < kr) and the supersonic (Q > kr)
impurity dynamics. In the subsonic case, the impurity sheds some of its momentum
before reaching a steady state. In contrast, the momentum of a supersonic impurity
shows damped oscillatory behavior after the initial decay. These oscillations result
from a novel coherent quantum dynamical phenomenon known as quantum flutter.
The amplitude of this long-lived oscillation increases with (), while the frequency is
independent of ().

Intuitively this behavior can be understood as follows: upon interacting with the
host, the majority of the impurity momentum is transferred to the host, creating
a wave packet that carries away the excess momentum and leaves behind a hole
deep inside the Fermi sea. From the initial collisions two possible states arise, as
schematically illustrated in Figure 1.18(b). First, the impurity can bind itself with
the hole forming an exciton-like (or plasmon-like) state. Alternatively, the impurity
dresses itself with the excitations of the host forming a polaron-like (or magnon-like)
state, which travels independently of the hole. The energy difference of the polaron
and exciton state at @) = kg is equal to the frequency of the flutter [189, 190],
suggesting that the quantum flutter originates from an interplay between these two
states. In other words, the flutter can be seen as a many-body correlated state that
is a superposition of the lowest energy excitation of the host (dashed curve in Figure
1.16) and of the entire system (solid curve in Figure 1.16) around @) = kp, and has
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Figure 1.19: Exact solution of saturated momentum as a function of initial mo-
mentum of the impurity for different interaction strengths. The solid curves show
the analytic results from reference [199] for the impurity-gas interaction strengths
7, = 1,3,6, and 10 for increasing shades of blue. The dashed curve corresponds to

Y1, = 0.

a group velocity close to zero (since for both excitation spectra 0E/0Q|g—k, = 0).
The frequency of the flutter matches the energy difference of the polaron and exciton
state at ) = kp. A hand-waving argument for why it is a superposition at () = kr is
that the highest density of states occurs at () = kg. In order for this superposition
between the two states to arise, and hence for the flutter oscillation to occur, the
initial momentum of the impurity must necessarily be greater than or equal to kp.

The second interesting feature of Figure 1.18(a), is that the impurity never comes
to a complete stop, but instead eventually reaches a finite velocity. An intuitive in-
terpretation of this is that after multiple collisions that carry away momentum, the
impurity finally decays onto a finite momentum magnon state, which corresponds
to the edge of the dispersion of the system. One curious effect that this explanation
does not take into account is that the final velocity of the impurity has a depen-
dence on the initial condition, specifically ). In Figure 1.19 we show the saturated
velocity (o, of the impurity as a function of the initial injected velocity for different
interaction strengths. For small initial velocities, (), is positively correlated with
Q.

Finally it is worth noting that while the original paper on quantum flutter looked
at an integrable model [189], this phenomena is persistent even if the integrability of
Hamiltonian 1.66 is broken. In fact follow up simulations have shown that theoreti-
cally the flutter phenomena is very robust: when the impurity is immersed in a 1D
Bose gas with finite v and also in the presence of a integrability-breaking harmonic
trap [190].

1.8 Conclusion and outlook

We have now reached the final part of the introductory chapter. Beyond this section
each chapter of the thesis is comprised of one of four selected publications. Here
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we will close this introductory chapter with few brief speculations about possible
future experimental directions going beyond each of these publications. We end this
section with the spin-dependent lattice, which was implemented during the course
of this PhD and offers further promising directions for future research.

Bethe strings and GHD

In chapter 2, we present a study where we realize Bethe strings for the first time in a
1D attractive Bose gas by sweeping interactions from the repulsive to the attractive
regime, passing through the non-interacting point. We characterize these strings via
binding energy measurements, Tan’s contact and momentum distribution after 1D-
expansion. The implementation of an 808-nm flat trap, during this PhD, enabled
us to expand the gas in 1D before taking 3D time-of-flight images. For repulsive
interactions this measurement effectively maps onto the rapidities of the gas. While
in the attractive regime this is not the case, the resulting distributions can still be
directly compared with GHD. We find our results are in good agreement with the
results of GHD.

The outlook for this project can be divided into two main categories: the Bethe
strings themselves and the 1D-expansion technique. A follow up project of the Bethe
strings measurements presented in this thesis, would be the study the size of the
bound states that are populated with respect to the sweep rate. This could be car-
ried out via release energy measurements. A significant step in a slightly different
direction would be the direct imaging of the strings. Spectroscopic methods, such as
radio-frequency (RF) or Bragg spectroscopy, are promising approaches to visualize
these bound states and characterize their formation dynamics. Furthermore, the
cesium quantum gas microscope, currently under construction in the adjacent labo-
ratory, will increase the imaging resolution to the single-atom level, which will enable
correlation measurements capable of directly detecting individual Bethe strings.

The second avenue of future research would be the ability to measure the rapid-
ity of a system and directly compare it with GHD. This new technique opens up
a whole range of experiments. The quantum Newton cradle experiment [144], for
instance, demonstrated that 1D quantum systems do not reach thermal equilibrium.
Despite its profound impact on the field, a comprehensive theoretical description of
these observations has remained elusive. This new capability to measure the ra-
pidity distribution offers an opportunity to directly compare the non-equilibrium
dynamics of the Newton’s cradle with GHD simulations. This comparison could
finally provide a quantitative theoretical framework for understanding this paradig-
matic experiment after more than a decade of theoretical and experimental efforts.
Extension of GHD to multi-component gases represents another promising future
direction. Two-component gases, while experimentally accessible, pose significant
theoretical challenges due to their increased complexity.

Generalized hydrodynamics is a relatively new theoretical framework. Its limi-
tations and domain of applicability still remain uncharacterized. The theory makes
two critical assumptions. Firstly, the system consists of fluid cells that are spa-
tially uniform, integrable and contain many particles. Secondly, local quantities
evolve slowly enough that each cell equilibrates to a generalized Gibbs state. The
latter can be tested via interaction ramps with varying ramp rates, and ultimately
quenching the system. Furthermore the controlled breaking of integrability would
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be another fundamental test of GHD’s limitations. By introducing perturbations
that break integrability, such as a lattice along the tubes, we can investigate the
crossover from integrable to non-integrable dynamics.

Impurity dynamics

In chapters 3, and 4, we study in-, and out-, of-equilibrium dynamics of a system
of 1D bosons with an injected impurity, respectively. In chapter 3 we find that the
finite-momentum ground state of an impurity immersed in a system of 1D bosons can
be mapped onto system of hard-core anyons with fully tunable statistical parameter.
In chapter 4, we discuss the relaxation dynamics of a mobile impurity injected with
a constant velocity into a Tonks gas. Due to the underlying properties of the Tonks
gas, we observe distinctly different time scales in the relaxation for impurity injected
with velocities above and below kg.

Both of these projects have several promising directions for future investigations.
For the publication presented in chapter 3, the continuous tuning of quantum statis-
tics could be used to realize heat engines and quantum thermal machines [200-202].
For the work in chapter 4, we were unable to observe the long term quantum flutter
phenomena. However, multiple experimental upgrades during this PhD, such as an
improvement of the imaging setup, implementation of optical levitation and Bragg
spectroscopy could make detection of the flutter now feasible. Optical levitation,
for instance, allows for the simultaneous levitation of both the impurity and the
host circumventing the need to go into the free fall frame and hence increasing the
experimental observation time from approximately three milliseconds to hundreds of
milliseconds. Furthermore, future implementation of a box potential would remove
the inhomogeneous broadening of kr, which would significantly improve our ability
to detect small signals such as the quantum flutter oscillations. Looking forwards,
these experiment could also be extended to two and three dimensions opening the
investigation into the role that dimensions play in this setting.

Going from a repulsive to an attractively interacting impurity would also be
an interesting direction of future study. Theoretically it has been shown that an
attractively interacting impurity immersed in a Tonks gas does not experience fric-
tion [188]. This is in stark contrast to the repulsive impurity that comes to stop
after only a few Fermi-times. Experimentally we can use the CIR for impurity-bath
interactions near 50 G to realize such an a scenario. This effect is a direct conse-
quence of integrability. When integrability is broken the frictionless transport is also
broken. In our case the integrability relies on the equal mass of the impurity and
the host. This can be tuned by using a spin-dependent lattice (see below), where
one can effectively increase the mass of either the host or the impurity, and thereby
moving away from the integrable point.

Utilizing the (3,2) BEC

In chapter 5, we for the first time, condense Cs in a non-ground state, the (3,2)
state. We achieve a condensate around 40 G as well as 160 G where the (3,2) +
(3,3) scattering length is favorable. For both of these magnetic field regions we
characterize the lifetime of a thermal sample and find a three-body spin-exchange
resonance around 40 G.
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The ability to condense Cs in the (3, 2) state, presented in chapter 5, widens the
range of usable magnetic field regions for the species. This could be of particular
interest for future mixture experiments potentially making it more compatible with
other atoms. Potassium-Cesium mixture, for example, is a promising candidate for
highly dipolar molecules. Both of the two species have a rich spectrum of Feshbach
resonances, but this also limits the possible magnetic field regions where they can
be cooled simultaneously. Using Cs in the (3,2) state would open up a window at
160 G which would be much more favorable for Potassium in KCs we tried this.
It works if the samples are kept apart but we see losses when they are overlapped.
Most likely we are limited by two-body spin relaxations involving one particle of
each specie. A BEC in the (3,2) state also expands the range of the tunability of
interactions in impurity systems for Cs. In previous studies using Cs, the dynamics
of an intentionally injected impurity revealed the underlying correlations of the
1D system. These studies were carried out with the bulk, and impurity, in the
(3,3), and (3,2), states respectively. Consequently the bulk-bulk interactions were
always greater than the impurity-bulk interactions. The (3,2) BEC provides a
pathway to reverse the roles of the two magnetic spin states allowing the bulk-
bulk interactions to be tuned, while maintaining a large constant bulk-impurity
interactions. This serves as an ideal setting where a deliberately introduced impurity
atom can act as a local probe of a many-body system in both static and dynamic
cases. In particular, it can be used to probe phase transitions such as the pinning
transition [14] and, more importantly, topological phase transitions, where there are
no underlying order parameters, making them otherwise difficult to detect. Another
property that distinguishes the (3,2) state from the (3,3) ground state is that it is
exposed to two-body decay. The two-body dissipation can, on one hand, be viewed
as a limitation to the coherence of the system. On the other hand, it could provide
a promising platform for engineering and controlling quantum states in a dissipative
environment [203, 204]. In particular, when combined with an external drive these
systems could give rise to a novel class of many-body of states that do not have any
equilibrium counterpart.

Spin-dependent lattice

The AC Stark shift causes the dipole potential experienced by an atom to depend on
its internal state. In the case of two different spin states, specific wavelengths exist
where the light shift of one spin state becomes negligible; this is known as a tune-out
wavelength. There are also wavelengths where the light shifts of two states become
either identical or exactly opposite, referred to as magic wavelengths and anti-magic
wavelengths, respectively. For alkali atoms, the magic wavelength typically falls
between the Dy and Dy lines. Importantly, off-resonant photon scattering, which
leads to heating and atom loss, depends on both the depth of the dipole potential
and the detuning from resonance, with the scattering rate decreasing as the detun-
ing increases. Cesium, having the largest D; to Dy transition frequency among the
alkali atoms, is particularly well-suited for implementing this spin-dependent light.
In Figure 1.20, we show the lattice depth as a function of wavelength for both the
(3,3) and (3,2) states. During this PhD, a spin-selective lattice was implemented
and tested for the (3,3) and (3,2) states. Figure 1.20 also presents measured mo-
mentum distributions of a BEC in both the (3,3) and (3,2) spin states exposed to
a 50 ps lattice pulse. The pulse was tuned to the tune-out wavelengths of (3, 3)
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Figure 1.20: Lattice depth for (3,3) and (3,2) spin states as a function of wave-
length. The solid purple and blue curves correspond to the (3,3) and the (3,2)
states respectively. The dashed line indicates a lattice depth of 0 Er. The gray
regions correspond to the wavelengths used for insets (a), (b) and (c). Insets: Ex-
ample experimental absorption images of an atomic cloud in the (3,3) and (3,2)
state after being exposed to a lattice with a wavelength of 869.7 nm, 871.3 nm, and
873.1 nm, shown in (a), (b), and (c) respectively.

(Figure 1.20(a)) and (3,2) (Figure 1.20(b)), as well as to the anti-magic wavelength
for both spin states (Figure 1.20(c)).

The spin-dependent lattice is not discussed further in this thesis, as it was not
used in any of the featured publications. However, it opens up opportunities for
simulating extended Bose-Hubbard models, realizing frustrated spin systems, and
exploring exotic phases of matter [205, 206]. Moreover, it could also be used in the
proposed experiment probing the pinning transition [14] via an impurity. Pinning
the host with a spin-dependent lattice would ensure that the impurity dynamics are
influenced solely by the structure of the host, remaining entirely independent of the
pinning lattice.
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Bethe strings are bound states of constituent particles in a variety of interacting
many-body one-dimensional (1D) integrable quantum models relevant to magnetism,
nanophysics, cold atoms and beyond. As emergent fundamental excitations, they are
predicted to collectively reshape observable equilibrium and dynamical properties.
Small individual Bethe strings have recently been observed in quantum magnets and
superconducting qubits. However, creating states featuring intermixtures of many,
including large, strings remains an outstanding experimental challenge. Here, using
nearly integrable ultracold Bose gases, we realize such intermixtures of Bethe strings
out of equilibrium, by dynamically tuning interactions from repulsive to attractive.
We measure the average binding energy of the strings, revealing the presence of
bound states of more than six particles. We find further evidence for them in the mo-
mentum distribution and in Tan’s contact, connected to the correlated density. Our
data quantitatively agree with predictions from generalized hydrodynamics (GHD).

47



48 CHAPTER 2. PUBLICATION I

Manipulating intermixtures of Bethe strings opens new avenues for understanding
quantum coherence, nonlinear dynamics and thermalization in strongly-interacting
1D systems.

2.1 Introduction

Strong correlations present modern physics with both challenges and opportuni-
ties. In elementary cases, interactions merely renormalize bare excitations [207] or
generate emergent collective hydrodynamic modes [10, 126]. A further (and far
more exciting) possibility is for a non-perturbative overhaul of microscopic degrees
of freedom to occur, invalidating any description of the many-body state from a
non-interacting basis. The formation of bound states is a simple manifestation of
this paradigm: Bardeen—Cooper—Schrieffer (BCS) pairs illustrate how bound states
give rise to superconductivity [208], while quark confinement leads to the hadrons of
high-energy physics [209]. Bosonic systems are potentially far richer than fermionic
ones, since they accommodate large compounds of tightly-bound and thus strongly-
correlated emergent particles. Realizing long-lived ensembles of attractive bosons,
however, poses major practical challenges in analogy with the vacuum instability of
attractive QED [210]. In bosonic systems, the absence of Pauli exclusion permits the
formation of large complexes, which in turn collapse due to short-ranged molecular
processes. Attractively interacting bosons have thus been observed only at weak
interactions for a limited number of particles [211-213], or in one dimension for
strong attractive interactions [17, 143, 214-216] where bound states are suppressed
due to energetics. The realization of a system of strongly attractive bosons display-
ing hierarchies of large bound states has remained elusive due to these difficulties.

In 1D integrable quantum systems [168], attractive interactions do not neces-
sarily induce collapse, but instead give rise to Bethe strings, multi-particle bound
states predicted nearly a century ago [61]. They emerge as stable excitations in
spin chains [168], cold atomic gases [217], and quantum magnets [137, 218]|. Their
stability stems from the characteristic absence of diffractive collisions in integrable
systems [168], which prevents bound states from decaying into lower-lying states.
Recent studies show that large Bethe strings determine anomalous transport prop-
erties of integrable spin chains and drive the emergence of the Kardar-Parisi-Zhang
(KPZ) universality class [219-226]. Beyond traditional condensed matter systems,
they are also relevant in high-energy physics and string theory [227]. A proper
understanding of this wealth of manifestations requires the ability to create and
manipulate dense intermixtures of Bethe strings of different sizes.

Bethe strings are expected to exist in the cold-atom Lieb-Liniger (LL) setting [59,
162]. Here, using ultracold attractively-interacting Cs atoms in 1D, we create a dense
intermixture of strings by sweeping the interaction from repulsive to attractive,
passing through the non-interacting point, as proposed in Ref. [139]. A fast and
indiscriminate collapse of the gas is hindered by the approximate integrability [59,
162] of the system. Using a finite-rate sweep, we create a far-from-equilibrium
state that exhibits multiple, including large, Bethe strings. Their typical size is
set by the initial conditions, primarily the temperature and atomic cloud density.
We detect their signature by comparing release measurements in 1D and 3D and
by analyzing the momentum distribution and performing a measurement of Tan’s
contact [160]. Our data agrees well with the predictions [139, 228] from generalized
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FIG. 2.1: Bethe strings and their detection in 1D Bose gases. a, Pictorial representation of
the different interaction regimes of 1D Bose gases. Wavefunction correlation of the different states
(top panel) and corresponding rapidity distribution 6 (bottom panel). As the interaction parameter
¢ is increased from 0 (ideal gas) to +oo (TG regime) the gas fermionizes. The sTG regime can be
accessed by quenching the interaction from the repulsive to the infinitely attractive regime. In contrast,
adiabatically following the ground state of the system from positive to negative interactions ¢, and
passing through ¢=0, results in a giant cluster. Sweeping ¢ from the strongly repulsive regime through
the ¢=0 point with a finite rate realizes a non-equilibrium 1D gas composed of Bethe strings. Bound
states with different number of particles are represented by different colours. b, Illustration of the
experimental geometry. Horizontally propagating lattice beams (gray arrows) create an ensemble of
independent 1D Bose gases (red tubes). ¢, Schematic of the 1D-3D expansion protocol used to probe
Bethe strings. In the 1D the expansion, Bethe strings remain bound, breaking apart only upon the 3D
release. Inset: Energy of different string states as a function of both ¢ and B,, for bound states with
up to ten particles.
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hydrodynamics [54, 55].
Bethe strings arise as eigenstates of the celebrated LL. Hamiltonian

~ h? 0> Rk’
Hip, = —— — + — E Oz — z4), 2.1
b 2m - 022 + 2m oy (2 = %) (2.1)

where the first term is the kinetic energy for the particles with mass m and the
second term models the inter-particle interactions with strength ¢. The eigenstates,
obtained by Bethe ansatz [59, 61], are labeled by a set of rapidities 6 [168], which are
generalized momenta of a set of emergent, stable quasiparticles. Figure. 2.1a shows
a schematic representation of the different interaction regimes of the 1D Bose gas.
For ¢ > 0, the particles interact repulsively and the rapidities are real quantities.
For sufficiently strong repulsive interactions, the bosons fermionize in the Tonks-
Girardeau (TG) state [229, 230]. A quench to strong attractive interactions (¢ <
0) realizes an excited gaseous state, the super Tonks-Girardeau (sTG) state [17].
However, in the attractive regime, the rapidities are generally complex valued with
non-zero imaginary parts. They are arranged in clusters that share the same real
part A = Re(f), symmetrically placed along the imaginary axis with spacing |¢|.
These states are the Bethe strings [231]. An isolated Bethe string of size n has
wavefunction 1(z; < ... < z,) x exp (z > i szj>, with rapidities §; = A +i|¢|(n +
1 —25)/2. Tts extent Az, can be estimated from the wavefunction decay as Az, =
2[|¢|(n — 1)]7, where the length scale is set by |¢|~!. The total energy FE,, of the
string is Feomn — Fbm, where Eeomn = nh? A?/(2m) is the center-of-mass energy
and F,,, = h*¢®n(n® —1)/(24m) is the binding energy [162]. The very ground state
for N particles is a giant Bethe state with N constituents. Bethe strings with a
lesser number of constituents have to be realized in a non-equilibrium situation [139,
232, 233], here realized with a finite-rate interaction ramp from the repulsive to
the attractive phase, passing through the non-interacting point. The specifics of
the initial state, the ramp rate, and the necessarily nonzero temperature will then
determine the distribution of Bethe states in such a non-equilibrium situation.

2.2 Experimental protocol

Our experimental sequence starts with a 3D Bose-Einstein condensate (BEC) of
Cs in a crossed-beam optical dipole trap, levitated against gravity by a magnetic
force [234]. We control the atom number in the BEC within the range of 2 x 10*
to 6x 10*, with an uncertainty of 10%, and the temperature between 10 nK to 35
nK, with a precision of 1 nK. A broad Feshbach resonance allows us to tune the 3D
s-wave scattering length asp via an offset magnetic field B,. Initially, B, is set to
20.8(1) G, at which agp=209(4) ap. The BEC is in the Thomas-Fermi regime. It is
adiabatically loaded into two lattice beams that cross at 90° in the horizontal x —y
plane (see Fig. 2.1b). This results in approximately 4000 isolated 1D tubes with
trapping frequencies of w, /2r=10.5(1) kHz in the transversal and w, /27 =29.3(1)
Hz in the longitudinal direction for a lattice depth of 25 E,, where, E, =m%h?/(2md?)
is the recoil energy and d=>532.2 nm is the lattice spacing set by the wavelength of
the lattice light. This gives longitudinal and transversal harmonic oscillator lengths
of apo=1.6(2) um and a; =83(4) nm, respectively. We tune the average number of
atoms per tube N between 7 and 30 by varying the density of the initial BEC.
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FIG. 2.2: Evidence for Bethe strings from release measurements. Release
energy &1p (red) and &p (blue) as a function of the interaction parameter ¢ at the
end of the ramp. Each data point for the & p (E3p) energy is determined from a
fit of the change of the second moment of the cloud as a function of ¢;p (¢3p). The
initial 1D temperature is estimated to be T1p =7 nK (see Supplementary materials),
and N = 11. Inset: The binding energy obtained via F}, = Ep — &p. The dotted
and dashed curves correspond to binding energy per particle of the Bethe strings
of sizes n = 6 and 10 respectively. For both plots the standard error is given. The
solid curves correspond to results from GHD.

In our 1D setting, the strength of the interaction is controlled via ¢~4azp/a? [132].
After lattice loading, we set the interaction strength to ¢=3.4(1) um~!, putting our
systems in the moderately interacting TG regime. The 1D temperature Tip is set
to values between 3 nK and 35 nK with an uncertainty of 20% (see Supplementary
materials). We ramp the interaction parameter to lower and to negative values,
crossing the non-interacting point, with a nearly constant rate of 9¢/0t ~ —0.038
pm~tms™!. We expect that this procedure maps our system onto a distribution of
Bethe strings as the interactions become attractive [139]. For our experiment, for
an interaction strength of ¢=—1 um™!, a string of size n=4 has a bond length of
about 0.67 um. The binding energy of this string then is h x 190 Hz ~ kg x 9 nK.
Note that Bethe strings are only well defined when their bond length Az, is much
larger than a,. For short distances, loss through short-range molecular processes is
expected. Such loss is not captured by the LL model.

We employ the rapidity measurement protocol [142, 143, 149, 184, 235], pre-
viously used in the absence of bound states, to probe our system. This protocol
consists of a two-step expansion sequence: first, an expansion within the tubes for
a time t1p, followed by a free expansion into 3D space for time t3p (see Fig. 2.1c).
We ensure that t1p is large enough so that the system enters a dilute regime, where
the interparticle interactions become negligible (see Supplementary materials). In
the repulsive regime, a subsequent absorption image yields the rapidity distribution
of the gas. However, in the attractive regime the connection between the rapidity
distribution and the absorption image becomes more intricate, as we explain below.
Experimentally, the expansion in the tubes is achieved by simultaneously switch-
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Momentum distribution after 1D expansion f(p/h) for various values of the interaction parameter ¢ at the end of the ramp as indicated,
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to the standard error. The data is compared with the results from GHD (solid line), which assumes an initial 1D temperature of T;p =15
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The standard error is given. ¢, Average number of atoms nP, in each string of size n as predicted by theory for the temperatures as in

Fig. 2.3b.
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ing off the dipole traps and removing the residual longitudinal confinement created
by the lattice beams by applying a 808-nm blue-detuned anti-trapping beam that
flattens out the potential [119]. For the second expansion step, the expansion into
3D, we simply shut off the transverse confinement and simultaneously set asp>~0 to
avoid any interaction-induced broadening of the density distribution of the expand-
ing cloud.

2.3 Release energy measurements

In the first experiment, we aim to find evidence of Bethe strings via measurements of
the release energy. We extract the release energies £;p and &;p from the evolution of
the second moment of the expanding cloud during 1D and 3D phases of our rapidity
measurement protocol. £;p is obtained by varying t;p while keeping t3p constant,
and &;p is obtained by varying ¢3p while keeping t1p constant (see Supplementary
materials). Figure 2.2 shows &p and &p as a function of ¢. We find that for
the repulsive case, £&p and &p match within the error, and decrease from about
h x 100 Hz in the strongly repulsive side to approximately h x 60 Hz close to the
non-interacting point. In contrast, a clear difference can be detected for attractive
interactions. While & p plateaus around h x 35 Hz, &p increases to about hx 110 Hz
for ¢=—1.0 um~t. This discrepancy between &£;p and Esp for attractive interactions
provides strong evidence for the presence of Bethe strings. During the 1D expansion,
these bound states scatter, but remain intact, leading to a measured £ p that remains
low. However, upon release into 3D, the sudden removal of the confinement breaks
the bound states, converting their binding into kinetic energy, which leads to a
larger release energy, mainly in the z-direction. In the repulsive regime, on the
other hand, the absence of bound states ensures that £p and Esp are equal. In fact,
in the repulsive regime, &p = Ep = U, where U = (ﬁLL> is the internal energy of
the gas. In the attractive regime, £1p is given by the average center-of-mass energy of
the strings &1p = (Feom). In contrast, Esp is the contribution from both the average
center-of-mass energy of the strings and the binding energy Esp = (Eeom) + (Fb) (see
Supplementary materials). The corresponding GHD simulations agree well with our
measurements. In the inset of Fig. 2.2 we show the E}, as a function of ¢ obtained
via &p — Ep. In order to account for the observed value of (E), the system
necessarily contains strings of size n* or larger, where n* is the largest integer such
that (Ey) > Ej, ,+/n*. We estimate n* to be six.

2.4 Temperature dependence

We find further evidence for Bethe strings by comparing the momentum distri-
bution after 1D expansion f(p/h) with the predictions of GHD. For this we fix
tip = 10 ms and t3p = 46.3 ms. The momentum distribution is obtained from the
longitudinal profile of the expanded cloud, converting position z to momentum as
p = mz/(tip + tsp). In Fig. 2.3a we show f(p/h) as the interaction strength ¢ is
ramped from the repulsive to the attractive regime. At the beginning of the ramp
f(p/h) is bell-shaped with a full width at half maximum (FWHM) A x 6.0(1) pm™!
As ¢ decreases and approaches the non-interacting point, f(p/h) becomes more
sharply peaked, with the FWHM narrowing to /i x 3.0(1) ym~" at ¢=0.1 pum™!.
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After crossing the zero-interaction point, f(p/h) broadens, nearly doubling in size
by the end of the ramp at ¢=—2.0 um~!. Next we compare our data with GHD.
We estimate the best initial conditions for the simulations by optimizing the match
with experimental data in the weakly repulsive regime, which is most sensitive to the
initial parameters (see Supplementary materials). We find Tjp =15 nK. The GHD
simulations accounts for finite time-of-flight (TOF) effects by simulating the entire
1D and 3D expansions performed in the experiment (see Supplementary materials).
We find good agreement between the experimental data and the results from GHD.
In the repulsive regime, f(p/h) corresponds to the rapidity distribution of the gas
(see Supplementary materials). Therefore, the narrowing of the distributions for
decreasing ¢ > 0 is attributed to a reduction in the effective velocity of the quasi-
particles. In contrast, for the attractive case ¢ < 0, the quasiparticles bind together
to form Bethe strings that broaden the distributions. An intuitive understanding
based on Heisenberg’s uncertainty principle suggests that a string with bond length
Az, will release momentum within a window Ap, ~ h/(2Az,). This broadening
effect becomes more prominent for larger Bethe strings and for stronger attractive
interactions.

We now examine how the temperature affects the formation of the bound states.
In Fig. 2.3b, we show the FWHM of f(p/h) as a function of ¢ for three different
values of Tip. Note that for the 15 nK dataset, we use a lattice depth of 20 E,
instead of 25 E,. As is already evident from Fig. 2.3a the distribution broadens
away from ¢ = 0. This effect diminishes for higher T1p. Results from GHD are in
good agreement with our experimental data. Figure 2.3c shows the GHD prediction
for the number of atoms nP, participating in the n'" bound state. Here P, is
the average number of strings of size n. The probability of forming larger strings
decreases with increasing Tip. For increasing temperature, the kinetic energy of
the system dominates over the interaction energy. This reduces the probability of
forming larger bound states, and in turn reduces the average binding energy per
particle. This is reflected in Fig. 2.3b, where the FWHM of f(p/h) becomes less
sensitive to the change of interaction at higher T'p.

The presence of Bethe strings significantly modifies the short-range correlations
of the gas, notably the local pair correlations integrated over the trap G [134, 236],
which quantify the probability of finding two particles in the same place. This is
directly proportional to Tan’s contact C' = ¢?Gy [158, 160]. Tan’s contact estab-
lishes a fundamental link between microscopic quantities and the thermodynamic
properties of the system. At thermal equilibrium, the virial theorem [159] relates C'
to the internal energy U and the potential energy Ey of the harmonic trap as

2me
C= F(U — Ey). (2.2)
We find that Eq. (2.2) also generalizes to out-of-equilibrium scenarios described by
stationary solutions for GHD (see Supplementary materials).

Experimentally, we obtain U from the 3D release-energy measurements described
previously. While for repulsive interactions we can directly extract U from &sp, for
attractive regime this is not the case. As shown in Fig. 2.2, E.,, plateaus within
experimental uncertainty for attractive interactions. We therefore approximate F o,
(¢ < 0) ~ &p (¢ = 0). The binding energy (Ey) is given by Ep — Ep (¢ = 0).
We use this approximation to extract U for the attractive regime. The potential
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FIG. 2.4: Interaction dependence of Tan’s contact. The scaled contact (circles)
is extracted from experimental measurements of U and Ey via Eq. (2.2). Inset: The
potential energy Ev (circles) and internal energy U (squares) as a function of ¢. The
solid curves in both plots are results obtained from GHD. For these measurements
Tip = 3 nK and N = 5. The standard error is given.

energy is measured by imaging the spatial distribution of the atom cloud. We use
a short TOF of 1.5 ms without 1D expansion in order to lower the optical density
before imaging. The potential energy per particle is given by Ey = (1/2)mw?(z?),
where (z?) is the mean squared width of the cloud in the longitudinal direction.
In Fig. 2.4 we plot the interaction dependence of the contact, determined from the
measured U and FEy using Eq. (2.2) (see inset of Fig. 2.4). On the repulsive side,
Tan’s contact decreases as ¢ is reduced. Upon entering the attractive regime, Tan’s
contact increases dramatically. It is nearly six times higher on the attractive side
at the same magnitude of the interaction |¢| = 1 ym~™'. The GHD predictions
qualitatively describe experimental observations with very good agreement on the
repulsive side. For ¢ < 0, we attribute the discrepancy to finite-size effects, as
theory predicts a substantial contribution from Bethe strings larger than the average
number of particles in the tubes. Additional discrepancies stem from atom loss in
the experiment, with approximately 20% of the atoms being lost during the ramp
for the strongest attractive interaction (see Supplementary materials). Our data
can be used to benchmark other theoretical methods for calculating Tan’s contact
in 1D [237-239].

2.5 Conclusion

In summary, we have used 1D attractive Bose gases to realize novel non-equilibrium
states of quantum matter featuring dense intermixtures of Bethe strings. In our
experiment, approximate integrability stabilizes these bound states, and bypasses
the rapid collapse normally associated to attractive bosons [211-213]. We have
experimentally characterized these bound states through measurements of the bind-
ing energy, Tan’s contact, and the momentum distribution following 1D expan-
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sion. Our results agree with predictions from GHD, showcasing the latter’s valid-
ity beyond the previously-considered repulsive [183, 184, 235, 240-242] and sTG
regimes [143]. Our results show that the presence of Bethe strings (somewhat sim-
ilar to Efimov physics [243]) in correlated gases greatly enriches the landscape of
achievable non-equilibrium states in the vicinity of integrability. Since Bethe strings
display remarkable resilience to integrability breaking [138], they can alter trans-
port properties [244], give rise to new interesting pre-thermal phases [245] and affect
the emergent hydrodynamics and thermalization of nearly-integrable systems [241,
246-248]. Going further, it would be interesting to study their participation in the
emergence of KPZ universality [249] or their fate under dimensional crossover [250].
Data availability. Experimental and simulation data are available on Zenodo [251].
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2.6 Supplementary notes

2.6.1 Estimating the populations of atoms in the tubes and
fitting the initial conditions

Since the formation of Bethe strings in our protocol is a non-linear function of the
density, having a good quantitative estimation of the distribution of atoms across
the tubes is of key importance. Before the creation of the one-dimensional tubes,
we assume the gas is at thermal equilibrium and it remains so until the dimen-
sional cross-over: when the transverse trapping is strong enough, the tubes cannot
exchange particles any longer and are effectively decoupled. Just before the tubes
decouple, we approximate the gas as a collection of one-dimensional systems at
thermal equilibrium, characterized by a unique temperature and a local chemical
potential according to the shallow three dimensional trap [252]. We also approxi-
mate the one-dimensional interactions ¢ to be the same as the one at the end of the
cross-over in one dimension. Below, we summarize in a table the relevant parameter
for the tubes’ loading.

Under these assumptions, we can tabulate the distribution of atoms using ther-
modynamic Bethe ansatz (see Supplementary Note 2.6.7), keeping T ossover aS @
tunable parameter. Notice that during the dimensional crossover, the trapping fre-
quency along the z— direction smoothly changes from the loading frequency w; to
the final 1D value: the thermodynamics of the 1D tubes at the dimensional crossover
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SUPPLEMENTARY FIG. 2.5: Example of tubes’ population varying
Teross-over- As a concrete example, we show how tuning the dimensional crossover,
the temperature changes the population of the tubes. In this example, we focus
on the dataset of Fig. 2.3 corresponding to T1p = 15 nK. From left to right, the
three columns corresponds to the choices Teross-over = (2.5, 5,10) nK: the choice that
best fits the initial data is Tiross.over = D K. In the first row (a to c), we show the
spatial distribution of the tube population in the (z,y) plane, whereas the longitu-
dinal tubes are oriented in the z direction. By increasing T¢,oss-over, Mmore tubes are
populated, but the average number of atoms in each of them decreases: this affects
the creation of bound states when crossing to the attractive regime, as tubes with
larger atom density populate larger bound states. In the second row (d to f), we
show an histogram of the atom number population: tubes with less than one atom
are not accounted for, and “# tubes” is the total the number of populated tubes in
each case.

is computed using the loading frequency as the frequency of the 1D trap. An exam-
ple of how different choices of T ossover affect the tubes’ population is provided in
Fig. 2.5, a working code solving the thermodynamics of the one-dimensional tubes
is provided on Zenodo [251]. From the dimensional cross-over to the true 1D regime,
the transverse trap is further increased, but the number of atoms in each tube re-
mains constant. As the system enters deeper in the 1D regime, it approaches the
integrable limit hindering thermalization. We assume that at the end of the lattice
loading protocol, each tube is still well-approximated by a thermal ensemble with
a new temperature Tip, assumed to be uniform across all the tubes. The validity
of this assumption is a posteriori supported by the good agreement with experi-
mental data. The parameters Tip and T, ossover are estimated by matching as the
experimental data in the weakly repulsive regime (see Supplementary Note 2.6.7).
In Tab 2.6.1, we summarize the experimental parameters and the corresponding
results from the simulations for each of the datasets presented in the main text.



CHAPTER 2. PUBLICATION I

o8

Experiment Simulation

NgEc (w1, wq, ws)/2m w,/2m wi /2 T ross-over Tip N Neent

(x10%) (Hz) (Hz) (kHz) (nK) (nK)
Fig. 2 3.2 (25.1,10.1,27.1) 29.3 10.5 10 7 11 21
Fig. 3 5.7 (25.1,10.1,27.0) 28.8 9.0 5) 15 25 41
5.7 (25.1,10.1,27.0) 27.6 10.5 10 20 19 34
5.7 (25.1,10.1,27.0) 27.1 10.5 10 35 19 34
Fig. 4 1.9 (10.3,5.7,11.7) 18.1 11.5 3 3 5 9

Tab. 2.1: Experimental and theoretical parameters for each dataset presented in the main text.
parameters, we give the the initial atom number in the BEC Nggc, the lattice loading frequencies (wq,wq,ws3)/27 in the z, x, y directions,
respectively. After lattice loading, the longitudinal w,/27 and transversal w, /27 trapping frequencies in the tubes are also indicated.
From the simulation, we estimate the cross-over temperature Ti oss-over, the 1D temperature Tip, and the average atom number per tube

N and the central tube atom number Neyt.

For the experimental
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2.6.2 Summary of generalized hydrodynamics

Here we provide a compact summary of GHD, overviewing the main equations and
how theory describes the momentum measurement after 1D expansion. A more de-
tailed discussion for the interested reader can be found in Supplementary Note 2.6.7.
GHD [54, 55] is a non-perturbative kinetic theory for integrable systems, governed
at the Euler scale by the main equation

Oupn(N) + 0:[05 (N pu(N)] + OALF (N pu(N)] = 0. (2.3)

The root density p,(A) — pn:t.(A) is the phase-space density of Bethe strings of
species n in the position-rapidity plane. For ¢ > 0, p,—; is the only non Z€ero
root density, since no bound states are present. The effective velocity veT [54,
55] is renormalized by interactions accounting for non-trivial scattering, Whlle the
weak integrability-breaking induced by the trap 0,V # 0 [253] and the effect of
slow interaction changes ¢ — ¢&(t) [228] are captured by the effective forces F°T.
Ref. [139] connects the GHD equations across ¢ = 0 and determines the population
of Bethe strings. Within GHD, the internal and potential energies of the gas are
U= [dzd\E,(N)pn(N) and Ey =3 [ dzd\ V(z)np, () respectively.

The combined 1D and 3D expansion of our protocol can be also described within
GHD. After reaching the dilute regime upon expanding in 1D with F¢f = 0, Bethe
strings travel with their bare velocity A\/m. Then, the transverse trap is removed
and interactions quenched to zero. Particles released from a Bethe string acquire
new momenta p due to the converted binding energy, resuming the expansion and
leading to a longitudinal density profile d(z)

Z/d)\dp5 tth/\-‘rthp) Cn <ph*|61|—)\> n,5|r:~:(‘/\)’ (24)

where p,()\) is the rapidity distribution integrated over the whole cloud. C,, are
universal bell-shaped function describing the momentum distribution obtained from
an isolated Bethe string quenched to zero interaction, see Supplementary Note 2.6.7
for details. For simplicity, in Eq. (2.4) we neglect the initial width of the cloud, and
the short transient where the Bethe strings’ velocity is renormalized by interactions:
these effects are included simulating the 1D expansion with the GHD Eq. (2.3). In
the repulsive phase, d(z) maps to the rapidity distribution since Ci(x) = é(x). This
identification is lost in the attractive phase in the presence of Bethe strings. One
can explicitly compute [ dzx*C,(x) = n(n® — 1)/12 (see Supplementary Note 2.4),
leading to a simple expression for the variance of the expanded density profile (2?) =

[ dz72(z) | [ dzd(2)

262,

2<tlD—+t3D)2 7<Eb> ) (2:5)

2

() = =22
which we use to extract the average center of mass and binding energies upon varying
the 1D and 3D expansions. The average of E.,, and FE}, is taken over the root
densities, normalized to the particles number.

The pair correlation integrated over the trap is formally defined as Gy =

(Ecom) +

<ZZ 2 0(z — zj)>. In Supplementary Note 2.6.7, we give an explicit formula for

G in terms of the root densities (2.13), and provide a more detailed overview of
GHD and a discussion of finite expansion’s time effects.
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FIG. 2.6: Convergence of energy extracted from the second moment of the
distribution. a, Typical TOF profile of the cloud in log-linear scale. z denotes
the spatial position after TOF. For this plot, a small constant is added to TOF
distribution in order to avoid negative values in logarithm. Different offsets are used
on either side of the distribution in order to ensure that the second momentum
converges for increasing regions of interest. Original data is shown in black and the
colored curves correspond to the data after offset (mean over shaded region) has
been applied. b, Typical TOF distribution indicating different region of interests
used to obtain the internal energy U shown in c. c, Internal energy determined
using the different region of interest shown in b.

2.6.3 Determining the release energies of the system via the
second moment

We determine the release energies £1p and &p by measuring the expansion rate
of the second moment of the sample (2?) during the 1D and 3D expansion stages,
respectively. For the measurement shown in Fig. 2.2, we scan tip (f3p) from 6
to 11 ms (18 to 43 ms), while keeping tsp = 20.4 ms (f;p =8 ms) fixed. For each
experimental absorption image, we apply a background noise removal technique [254]
to improve the accuracy in the determination of the second moment. In Fig. 2.6a we
show a typical TOF density profile after noise removal. We find that far away from
the signal, the distribution has a non-zero offset. Furthermore, this offset is different
on either side of the distribution, which we attribute to the inhomogeneous profile
of the imaging beam. Although the difference between the two offset values is less
than 1%, it is crucial for determining the second moment (z?) of the distribution. In
order to faithfully calculate the energy from (22), we use different regions of interest
(see Fig. 2.6b) and check for convergence in the estimated energy. As shown in
Fig. 2.6c, we see a convergence in energy above 3o region of interest, where o is
the gaussian width of the distribution. The energy is determined by fitting the
evolution of (z2) as a function of expansion time. For the 1D release energy, we fit
a parabolic function a(t;p + tﬁx)2 + b to our 1D-expansion data, where a and b are
fitting parameters, and tg, is the fixed 3D expansion time. The fitting parameter a
is related to &p via E;p = 2a/m as given in Eq. 2.5. Similarly, for the 3D release
energy, we use a parabolic fitting function a(tsp + tgy)? + b to our 3D-expansion
data. Here, tg, is the fixed 1D expansion time. We extract &p from the fit via
Esp = 2a/m.
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Figure 2.7: Atom loss for different temperatures and interaction strengths.
a, Number of atoms after the interactions ramp as a function of ¢ for different tem-
peratures. Blue, green, and yellow correspond to 1D temperatures Tp of 15 nK, 20
nK, 35 nK;, respectively. A Feshbach resonance is indicated by a gray shaded region.
b, Evolution of normalized atom number for different values of ¢ at a temperature
of 15 nK. Each data point in is an average of five repetitions and the displayed error
is equal to the standard error. The solid curves are exponential fits up to 50 ms.

2.6.4 Atom loss and lifetime measurements

In our experiment, short-range molecular processes lead to atom loss. In Fig. 2.7a
we show the atom losses during the interaction ramp corresponding to the measure-
ments given in Fig. 2.3b. In the repulsive regime ¢ > 0, the atom number remains
stable, however we see losses for interactions below ¢ =0. We attribute this atom
loss primarily to the formation of bound states, which enhance inelastic scattering
processes not taken into account by the 1D Hamiltonian (2.1). Since we use Cs
atoms in the lowest hyperfine ground state |F, mg) = |3, 3), two-body inelastic pro-
cesses are suppressed. Therefore, these losses in our experiment primarily originate
from the three-body inelastic scattering. The stability of the gas, depends both on
the interaction strength and on the initial conditions of the protocol. The stronger
the attraction, the tighter the bound states, with more frequent inelastic scattering.
For a fixed ¢, the atom loss decreases at higher temperatures, as the probability
of forming larger strings decreases at higher temperatures. While for 7T7p=20 and
35 nK, the losses are less than 20%, for the coldest Tip=15 nK, we observe losses
around 40% for the strongest attractive interaction. Even with such high losses,
the agreement between experimental data for the momentum distribution after 1D
expansion (normalized with atom number) and GHD results as shown in Fig. 2.7a
remains very good. Next, we measure the lifetime of the gas for different interac-
tion strengths. In Fig. 2.7b, we show the normalized atom number as a function of
hold time t after the completion of the ¢ ramp for three different ¢ target values:
¢=1.3,-0.5,—-0.7 pm~!. For these measurements, we set ¢;p =0 ms and t3p = 36
ms. In the repulsive regime, we do not observe any significant atom loss, however, in
the attractive regime, we observe around 20% atom loss over ¢ = 150 ms. Here, the
density of the gas increases, resulting in higher three-body losses. Here we refrain
from fitting the decay measurements with a three-body loss function and instead
use a simple exponential function up to 50 ms to estimate the lifetime. For ¢ = —0.5
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pm~t and —0.7 um~!, we obtain lifetime of 75.6(252) ms, and 57.4(178) ms respec-
tively. These lifetimes are longer than the typical 1D expansion times t;p of 10 ms
used in our experiment.

2.6.5 Simulating the Tonks-Girardeau regime

At strong repulsive interaction, the 1D Bose gas is well described by a gas of hard-
core bosons, also known as Tonks-Girardeau (TG) regime and it is amenable of
a straightforward theoretical treatment that we briefly recap [255]. Through a
Jordan-Wigner transformation, hard-core bosons can be mapped into a system of
free fermions. Hence, their hydrodynamics is that of free particles, satisfying the
equation Oyp; . (A) + v(A)02pr(A) — 0.V (2)0kpr.(A) = 0, with v(\) = O\E()\) and
E\) = h;;\f and p;,(A\) being the local rapidity distribution. The initial condi-
tion to the hydrodynamic equations is given by thermal states, which we compute
within the local density approximation pg.(A) = 5= (1 + eB[E(A)_“JFV(Z”)_l, with
the inverse temperature [ and the chemical potential u being fitting parameters.

We compute the momentum distribution within a local density approximation
(LDA). We fix the position z, and consider a homogeneous state described by the
rapidity distribution p;.(A). On homogeneous states, one defines the fermionic
correlator F,(Az) = [ dX\e*?%p, ,(N), from which the bosonic correlation g; ,(Az) =
(it (z+ Az/2)1(z— Az/2)) can be computed, where we conveniently introduced the
creation-annihilation bosonic fields @/A)T(z) and 1[1(7:) obeying canonical commutation
relations [¢(z), ¥ (2')] = 8(z — 2'). g1..(Az) is found within LDA by solving certain
Fredholm integral equations [256] (see also Ref. [257] for our notation)

gl,z(AZ> = det[l - 2-F.(Az,O)] [‘F(AZ,O) * (1 - Qf(AZ,O))il] (sz O) ) (26)

where F(a.0) is an operator acting on functions with support in (Az,0) and with
entries Faz0)(a,b) = F.(a —b). Its action on a test function f is defines as
[Fre(azn)(a) = f(AZ o) db F(az0)(a, D)i(b). For brevity, we define the operator prod-
uct on this space as [A % B](a,b) = fe(Az,O) dy A(a,y)B(y,b). In Eq. (2.6), after

Yy
having computed the operator []:(AZ,O) * (1 — Qf(AZ,O))’l], one has to focus on its

entries at the edge of the definition domain []:(Az,o) x (1 — ZF(AZ,O))_l] (Az,0)

In practice, determinants and matrix inversions are computed by discretizing
the operator on a finite grid (about 120 points in our simulations). Finally, the
momentum distribution is obtained by Fourier transform. More specifically, we
define the LDA position-dependent momentum distribution as

P = [ e 89), 1)
i

P,(p) describes the probability distribution in the momentum-space (p,z) phase

space in the longitudinal direction obtained right after the release of the three di-

mensional optical lattice: the final comparison with experimental data is obtained by

further propagating the particles for a finite three dimensional TOF, assuming that

P.(p) describes the number of particles starting at z and with velocity v(p) = 2.
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Figure 2.8: 1D expansion in TG regime. a to e, TOF distributions of a TG gas
following an expansion in 1D, with t;p =0 to 12 ms. z denotes the spatial position
after TOF. The experimental data and simulation results are plotted in green, and
black respectively. The black curve is the density profile obtained expanding the true
momentum distribution, whereas the grey dashed curve is obtained approximating
the momentum distribution with the rapidity distribution. Each experimental data
is the average of five repetitions.

2.6.6 Characterizing the rapidity distribution in the Tonks-
Girardeau regime

Theory predicts the longitudinal density profile of the expanded cloud after the
system has entered a sufficiently dilute regime. Therefore, benchmarking the validity
of this approximation is of key importance. In the repulsive regime, the momentum
distribution of a dilute gas is approximated by the rapidity distribution, but at finite
density, interactions spoil this identification. Computing the momentum distribution
at finite density and for arbitrary interaction strength is theoretically challenging,
but it is accessible in the TG regime (see Supplementary Note 2.6.5). We use this
to benchmark our experimental results. We characterize our rapidity measurement
protocol by first matching the experiment with the simulation in the TG regime for
different 1D expansion times t;p. In our experiment, after lattice loading, we ramp
asp from 210 ag to approximately 750 ag in 150 ms. We then apply a 808-nm anti-
trapping beam that flattens out the longitudinal harmonic trap. We estimate that
the longitudinal confinement of the tubes is flattened for a region of approximately
80 pm around the center of the trap without affecting the transverse trapping.
We allow the gas to expand in 1D for variable time ¢;p, before taking a standard
TOF absorption image. In Fig. 2.8, we show the TOF distribution of the gas after
expansion in 1D for t;p =0 to 12 ms. Throughout the 1D expansion, we see good
agreement with the simulation results. For t;p = 0 ms, the momentum and rapidity
distributions are strikingly different. As ¢;p increases, the distributions broaden
and approach the rapidity distribution. After t;p = 6 ms, the TOF distributions
coincide with the rapidity distribution of the gas.
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2.6.7 Generalized hydrodynamics and simulations at finite
interactions

To give quantitative theoretical predictions for the finite interactions, we employ
thermodynamic Bethe ansatz (TBA) [168] to determine the initial state, and Gener-
alized Hydrodynamics (GHD) to follow the time evolution. Throughout this section,
we use for simplicity adimensional units rescaling coordinates z; by a unit length
¢ =1 pm, in such a way the Bose gas Hamiltonian reads

ﬁ:—2%+cz5(zi—zj)+ZV(zi), (2.8)

i£j i

with ¢ = ¢/.

Summary of notation.

It is convenient to define a unified notation. In integrable models, interactions are
captured by “dressing” bare quantities: for an arbitrary test function 7,()\), the
dressing operation 7,,(\) — 73()) is defined as the solution of the integral equation

0 = 1) = X [ A = N (X)), (29)

Above, the integral over the rapidities is on the whole real axis, and the summa-
tion over the internal index n runs over the domain discussed below. In Eq. (2.9)
one defines the filling fraction 9,(\) = pn(A)/(27(Ozp,(N)E, with p,()\) the bare
momentum of the quasiparticle and ¢, /() the interaction-dependent scattering
kernel. In the repulsive phase ¢ > 0 one has only terms for n = 1, and p,—1(\) = A,
One1m=1(A) = —)\f—fCQ and bare energy E,—;(A\) = A?. In contrast, in the attractive

case n € N and one has p,(\) = n\, E,(\) = n\?— %n(n2 —1) and scattering kernel
O (N) = (1_5n,n’)@|n—n’|<)‘)+2a|n—n’|+2()‘)+2a|n—n’|+4()‘)'"+2an+n’—2()‘>+an+n’(>‘>7
with a;(\) = —02].;1%. The thermodynamics and hydrodynamics of integrable
models can be expressed in terms of these functions.

Thermodynamics.

The initial conditions of our experimental protocol within the repulsive phase are
well-approximated by a thermal ensemble. Within the local density approximation,
the filling function ¥;— ,(A) (where we suppress the n—label, since we focus on the
repulsive phase n = 1) is obtained by solving the following integral equations from
thermodynamic Bethe ansatz [168]

dx

log[1/¥—0..(A\)—1] = B[E()\)—,u—i—V(z)]—/ ggp()\—)\’) log[1—04—.(\)]. (2.10)

When estimating the tube population in Supplementary Note 2.6.1, the chemical
potential of each tube is renormalized by the transverse potential p — pu—Vy (x,y),
where V| (z,y) is the transverse trapping potential in the = — y plane. The global
chemical potential ¢ and global inverse temperature S are then considered fitting
parameters.
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Hydrodynamics.

We simulate the evolution with GHD, expressed in the space of filling fractions [54,
55]
00y +v80,0,, + FT 050, = 0 (2.11)

and equivalent to Eq. (2.3), where we omitted all the variables for compactness. The
GHD equations in the fillings’ space are more stable for numerical purposes. The
effective velocity can be computed as v(\) = (9 E,, )% /(Oxpn)¥, while the effective
force FSE(\) = F4&(N)/(Ozpn)? combines the effect of the trap, and of interaction
changes in time F,,(A) = —nd,V+0dicy.,, [ ‘;—’X@Cq)n,n/()\—X)(a,\/pn:)drﬁn/()\’), where
one defines ®@,,,,(\) = fA dN @nw(N). The above GHD equations describe the
hydrodynamic evolution within the repulsive or attractive phase separately, but for
passing from one to another the proper boundary conditions are needed. Physically,
they describe how particles form Bethe strings by passing from the repulsive to the
attractive phase. Using a maximum-entropy argument valid in the regime of slow
interaction changes, these equations have been derived in Refs. [139, 258]

~ sinh(nQ.(X)/2) sinh((n + 2)Q.())/2)
Vniz(A) o 1T sinh?((n + 1)Q.(\)/2) (2.12)

with €,()) defined from the repulsive root density at vanishing interactions Q,(\) =
lim, o+ log [1 + 1/(27pp=1..(N))]. During the evolution, the density and energy pro-
files are computed in local density approximation. An analytical expression for
the local pair correlator has been obtained through the Hellmann-Feynmann theo-
rem [228, 259

(FEPRER) =3 [ OEMNmN) + 5 HEWBNEN],  (213)

whereas the total integrated pair correlation is Gy = [ dz ([1)f(2)]?[1)(z)]?). Above,
fa(A) = >0 [ AN @y (A — X)pw(N), where, using a local density approximation,
the TBA expressions are evaluated on the root density in position z.

The momentum distribution after the 1D asymptotic expansion.

The analytical computation of the momentum-distribution of a dense Bose gas is
a formidable challenge. However, in the approximation of a dilute gas obtained
after a one-dimensional expansion from a dense gas, analytical results can be ob-
tained. In the repulsive case, isolated particles are well separated and the spa-
tially resolved momentum distribution P,(p) coincides with the rapidity distribu-
tion P,(p) ~ p.(p) [246]: to compare with the TOF experimental measurements, we
assume that when the three dimensional optical trap is switched off, P.(p) is the
density distribution of particles in position z and with momentum p, which further
freely evolve during the three-dimensional expansion.

In the attractive regime, Bethe strings complicate the picture. We assume Bethe
strings are spatially well-separated, and they independently contribute to the final
momentum distribution. The momentum distribution of a single Bethe string is
given by the modulus square of the overlap between the Bethe string’s wavefunction
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Figure 2.9: The universal functions C,,. We show the first universal functions
appearing in the string-resolved momentum distribution after 1D expansion, see
Eq. (2.14) and related discussion.

and plane waves. A Bethe string of rapidity A and n particles has wavefunction
Y21 < 29 < -+ < 2) o 2510541722 a0 the wavefunction is symmetri-
cally extended to other orderings of the coordinates. Taking advantage of Galilean
invariance and the scaling with the interaction ¢, we can write the total spatially-
resolved momentum distribution as

S fate () o

where the function C),, captures the contribution of each string, and it is defined as
the modulus squared of the overlap of the Bethe string wavefunction with zero real
rapidity and computed at unit interaction ¢ = —1, which we call ¥,

Cn(z) = /dzle_i"Zl /dzj>1 V0,22, oo 20) 0 (21, 2,y vy 7)) - (2.15)

Notice that above there is no restriction on the order of the coordinates. This
integral can be simplified with some tedious combinatorics which can be carried
over on a laptop and we overview below. Modulus getting a factor (n — 1)!
we can assume zp < z3 < ... < z, and the non-trivial permuations are now z;
and 0 with respect to the other coordinates: we expand the integral by sum-
ming over these domains. In the end, everything requires computing integrals in

the form [;[q,...,q] = dry el 2a-1 9% with imaginary ¢;: by explic-

f <...<y; <o
itly integrating the rightmyc;st cgi)rdinate y;, a simple recursive equation is found
Lig, ..., gj—1,¢;] = o1 1lq1, -y gj—1 + ¢j], which eventually gives a quick tabulation
of Cp(2). A Mathematlca commented notebook that tabulates C), is provided on
Zenodo [251]. In Fig. 2.9 we show the first universal functions C,(z): they are
bell-shaped functions normalized to the number of particles in the Bethe string
J dzCy(z) = n and of increasing width for larger n.

While the full profile for C,,(2) is tedious to recover analytically for large n, the
variance is rather easy to compute. We consider directly the momentum variance
(p?),.x of a Bethe string of rapidity A and n components. We can leverage on the
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Figure 2.10: Example of a typical evolution with GHD. GHD evolution of a representative tube of 15 atoms in a harmonic trap with
frequency 27.6 Hz, initially described by a thermal ensemble with temperature Tip = 20 nK. a to ¢, phase space density of the rapidity
(first row) and momentum distribution per particle after 1D expansion of 10ms (second row). a shows the repulsive phase at different
interactions, b to ¢ focus on the example of the n = 1 and n = 3 Bethe strings. d, density profile in the harmonic trap, for different
interactions. e, estimated atom number populations in the one-dimensional tubes for a crossover temperature of 10 nK.
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Figure 2.11: Comparison of experimental data with GHD. For completeness, we show the full dataset of experimental data compared
with the results of GHD simulations, for the dataset of Fig. 2.3 corresponding to Tip = 15 nK. See caption of Fig. 2.3 for details. We
show the atom density after a longitudinal expansion of t;p = 10 ms and t3p = 46.3 ms in real space. Black solid lines are GHD curves,
whereas colored lines are experimental data (repulsive: light blue, attractive: light green). The starting point of the interaction ramp is
at ¢ = 2.58 um~!, which is then linearly changed in time. The discrepancy shown at ¢ = 2.05 um™" is attributed to the fact that it is
close to a Feshbach resonance. When ramping the magnetic field to reach less repulsive interactions and the attractive phase, we jump
across the resonance to obtain a smooth interaction ramp. The small dents shown by GHD curves at the weakest repulsive and attractive
interactions are numerical artifacts arising during the extraction of the 1D-expanded profile from the filling function. This can be reduced
by improving the discretization.
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knowledge of the energy of this state E, () = (H), , = n\* — f—;n(nQ —1). From
the Hellmann-Feynman theorem we know 0.E,(\) = (0.H),, , and with the explicit
observation that 0.H = >_,;0(z; — z;) we observe

2

(pg)m,\ = (H—chS(wi —2))nr = En(X) —cO.E,(N) = n)\2+f—2n(n2 —1). (2.16)

Specifying A = 0 and ¢ = —1, we connect with the functions C,, getting [ dy Cy(y) =
%n(n2 —1). The total variance of the momentum distribution after 1D expansion
is obtained by summing over all the strings with the proper weight p, ().

Numerical discretization.

The filling functions appearing in the GHD equations (2.11) are discretized on a
finite grid in the rapidity and real space. The main bottleneck for the simulations is
the solution of the (discretized) integral equations defining the dressing operation,
whose matrices grow with the number of strings times the number of points in the
rapidity discretization. We use 100 points in the space discretization, 50 points in
the rapidity’s grid for a maximum number of 25 strings for Fig. 2.3, and increase
it to 30 strings for Fig. 2.4 where we did not numerically expanded in 1D, but di-
rectly computed the energies from the GHD. For the time-evolution of GHD, we use
the method of characteristics with the second order implementation described in
Ref. [228]. In Fig. 2.10, we provide further details on a typical simulation focusing
on theory only. For the sake of concreteness, we focus on one of the datasets dis-
cussed in Fig. 2.3, more precisely we consider the case Tip = 20 nK, and we focus on
a single representative tube with 15 atoms. In Fig. 2.10a to ¢, we show density plots
of the rapidity distribution in the harmonic trap, and the spatially-resolved momen-
tum distribution after 1D expansion of 10 ms, for different interaction strengths.
Figure 2.10a shows the repulsive side (no strings), whereas in Fig. 2.10b and c, we
consider the attractive phase and focus, as an example, on the n = 1 Bethe string
(one particle) and n = 3 Bethe string (three-particle bound state) respectively. As
the interaction ¢ is changed from strongly to weakly repulsive, and then from weakly
attractive to strongly attractive the rapidity distribution gets squeezed in the center
of the trap. Upon 1D expansion, the momentum distribution in the repulsive branch
and of the n = 1 Bethe string are simply a deformation of the rapidity distribution
obtained ballistically propagating the particles in the z-direction, the magnitude of
the velocity increases with the momentum giving the apparent rotation of the oval.
For the n = 3 Bethe string, this effect is superimposed with the energy release upon
breaking the bound states, that dilates the distribution in the vertical direction.
This effect is stronger at larger values of attractive interaction. In Fig. 2.10d, we
show the density profile within the harmonic trap, where the squeezing in the center
of the trap is evident. Finally, in Fig. 2.10e we provide the estimated atom popu-
lation across the tubes (see Supplementary Note 2.6.1). The dimensional-crossover
temperature that best matches experimental data is 10 nK. For completeness, in
Fig. 2.11 we show a full comparison of the experimental expanded cloud with re-
sults of GHD simulations for the dataset corresponding to T7p = 15 nK shown in
Fig. 2.3.
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2.6.8 The virial theorem and generalized hydrodynamics

The virial theorem

U — 2By — By = 0 (2.17)
is well-known for equilibrium states [159]. In this section, we prove its validity for
non-equilibrium states that are stationary with respect to the GHD equations. We
work in the adimensional units of Supplementary Note 2.6.7 and start by manipu-
lating the TBA expression for the pair correlator (2.13). We consider the attractive
phase, but the same calculations hold in the repulsive case considering the n = 1 case
only. In the Lieb-Liniger model, the scattering kernel is not an independent func-
tion of A and ¢, but a scaling function of their ratio 0., v (\) = —%8,\@%”/()\) =
—20,w(X). Using this fact, and the symmetry of the kernel and of the dress-
ing function Y [ d\d,(N)a ( )IbIA) =, [ dAda(N)ad(A\)b,(A) for any function
a,(A) and b,()), with stralghtforward manlpulatlons we can write

<[¢T( Z/d)\ [0En(A) + AOZEn(N)] pu(N)
(2.18)
#1300 EE) .0,

We now use the explicit expressions for the energy and momentum in the Lieb-
Liniger model, and notice 0.E,(\) + AO\E,(A) = 2E,(\) and Aoxpp(A) = pu(N).
Multiplying both sides by ¢ and integrating over z, we recognize the total in-
teraction energy FEi, = cfdz([@/;T(z)]Q[zﬁ(z)]Q) and total internal energy U =
Jdz > [dAAE(A)pn()), where the z—dependence of the root density and filling
fraction is left implicit for the sake of notation.

By = 2U + / dz Z / AApa (M) (OxE) T, (N) . (2.19)

So far we have not used the GHD equations yet, but only the local density ap-
proximation and symmetries of the TBA. The last step uses the GHD equations to
further manipulate the remaining integral in Eq. (2.19). In particular, it is possible
to show

[ > [ D@0 = ~oV) - (Z [ [ax zpm)pﬂm)
+ e / dzz / —zn (Z / AN 0Py (A — )\/)pn/()\/)) :

(2.20)
The proof is technical and reported below. If the potential V' (z) is harmonic,
then 20,V (z) = 2V (z) and one recovers the potential energy (20,V) = 2Ey. In
Eq. (2.20), the total derivative is reminiscent of the virial theorem for classical par-
ticles, and there is a further contribution coming from interaction changes. If we
consider stationary states, then d;c = 0 and the total derivative vanishes as well,
thus we recover the virial theorem Ei,; —2U 4+ 2FEy = 0. The virial theorem remains
a good approximation for slowly evolving states. In our simulations, we explicitly
checked that the interaction energy computed through the virial theorem agrees
with the internal energy from (2.13), see Fig. 2.12, and both agree well with the
experimental data as shown in Fig. 2.4.
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Figure 2.12: Benchmark of the virial theorem in GHD simulations. For
the same dataset provided in Fig. 2.4, but focusing on theory only, we check that
the corrections to the virial theorem due to the non-stationary nature of the state
and to the interaction changes, as discussed in Eq. (2.20), are negligible. The black
line shows the total interaction energy obtained in the local density approximation
from Eq. (2.19). Markers are twice the difference between the internal and potential
energies, and agree well with the interaction energy: the small oscillations shown
in the repulsive phase are due to the corrections discussed in Eq. (2.20), and are
negligible compared to the experimental uncertainty. In the inset, we focus on the
strongly attractive regime, the axis of the inset are same of the main plot, but
on a different scale: in this regime, the binding energy of Bethe strings dominates
the virial theorem. In these simulations, we considered 20 strings, in contrast with
Fig. 2.4 where 30 strings have been used. Since the virial theorem holds for any
filling fraction stationary to the GHD equations, the truncation in the number of
strings does not spoil the agreement between the two curves.

Proof of Eq. (2.20)

To prove Eq. (2.20), we first go through a convenient change of variables in the GHD
equations. More precisely, we move from the (z, A) plane to a pair of conjugated
canonical variables (z, p). We define

Pn(A) = pu(N) — Z / C;_;\/q)mn’()‘ - X)ﬁn’()‘/)(ﬁk’pn’(x))dr (2.21)

en(8) = B 4V () =3 [ & 0= Xy OB X (222

And consider the string-dependent change of variable A — p = p,(\), likewise we
define the filling fraction in the new space 9, .(p) through the identity 9, .(p,(\)) =
Un(A). We furthermore define H,(z,p) as Hn(z,pn(N)) = en(N), where the z-
dependence is implicit in the integral (2.22).

We now rewrite the GHD equations in the filling fraction space (2.11) in terms
of the new variables. Notice that d\p,(\) = (Orpn)¥ and Ore,(\) = (O\E,)¥,
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therefore m&\ — Op and v(\) — OpH,(z,p). Using these identities in
Eq. (2.11) one obtains (9; + 9ip;Op)Un(P) + OpHn0:Vn(p) + FE0,0,(p) = 0,
where it must be stressed that the change of variable A\ — p is time depen-
dent since Eq. (2.21) depends on the evolving state. As a next step, one shows
opn + O.e, = —]-"ffr through straightforward manipulations. First, one takes
the time and space derivatives of both sides of Egs. (2.21) and (2.22) respec-
tively, and sums the two equations. The GHD equations in the space of root
densities O[(Ozpn) TV N)] + 0o((OAEy) T, (N)] + O\[F¥I,,(N)] = 0 (notice that
Pu(N) = 5=(0rpn) T, (N)) are used for further simplifications. With this last step,
one obtains g;p, + 0.€, = —Fn(A) + >, [ AN Py (A = X) Iy (N)[—FF(N)], and
thus can identify 0;,p, +0.e, = —.7:;“ as anticipated. Using now 0.e, — 0,H,(z, p),
one can rewrite the GHD equations in an explicit symplectic form

00,2 (P) + OpH(2,P)0x0n,2(P) — 0o Hu(, P)OpVna(P) = 0. (2.23)

These are the Liouville’s equations [260] in the phase space (z,p) for a particle
evolving with classical Hamiltonian #,(z,p). The evolution can be seen in two
ways: either as a function evolving in a time-independent phase space, or as if the
coordinates are evolving with a fixed density background ﬁnmz(t)(p(t)) = V=0 (P),
where coordinates obey the equations of motion 2 = dpH,, and p = —9.H,. To
prove Eq. (2.20), the second interpretation is more convenient. Notice that the
Liouville’s theorem [260] guarantees that the phase-space volume dzdp is constant
in time. We consider the left-hand side of Eq. (2.20) and express it in the (z, p) plane
>, [ dzdp BoeBl een®) g 71 9, (p), where A, (p) denotes the inverse change of variable
A—p. We use 8 H,, = 2 and straightforward identities reaching

[a S [am@E) w5 (Z [ daap Wmm)
: (2.24)
B Z/ dzdp dpn(Aa p>>21§n(p).

We now use the chain rule to compute W = at[pn()\n(p))]‘ﬁxedp +

POp(PnAn(P)), then we use p = —90.H,, and move to time derivatives at fixed A
by using 9;[p,(An(pP))] e Oipn(An(P)) — O1PnOp[Pn(An(p))]. Therefore, we can
write % = Opn(Mn(P)) + FEA(P))Op (Pn(Mn(p))). We notice that, in the

Lieb Liniger model, d;p, (A) = 0. Using this last identity in Eq. (2.24) and rewriting
it in terms of the rapidities, Eq. (2.20) follows.
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Anyons [123, 124] are low-dimensional quasiparticles that obey fractional statis-
tics, hence interpolating between bosons and fermions. In two dimensions, they
exist as elementary excitations of fractional quantum Hall states [261-263] and they
are believed to enable topological quantum computing [264, 265]. One-dimensional
(1D) anyons have been theoretically proposed, but their experimental realization
has proven to be difficult. Here, we observe emergent anyonic correlations in a 1D
strongly-interacting quantum gas, resulting from the phenomenon of spin-charge sep-
aration [266-268]. A mobile impurity provides the necessary spin degree of freedom
to engineer anyonic correlations in the charge sector and simultaneously acts as a
probe to reveal these correlations. Starting with bosons, we tune the statistical phase
to transmute bosons via anyons to fermions and observe an asymmetric momentum
distribution [231, 269-271], hallmark of anyonic correlations. Going beyond equi-
librium conditions, we observe dynamical fermionization of the anyons [272]. Our
work opens up the door to the exploration of non-equilibrium anyonic phenomena
in a highly controllable setting [272-274].

73
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3.1 Introduction

Quantum theory tells us that particles can be categorized into two distinct groups
based on the phase 6 that the quantum wavefunction accumulates when two particles
are exchanged [275]. This phase is crucial to the collective behavior of ensembles of
identical particles: bosonic particles, with =0, may pile up and condense into the
same state, whereas fermions, with 6 =, follow Pauli’s exclusion principle and avoid
each other. This has drastic consequences, e.g., forming the basis for the table of
elements and assuring stability of neutron stars in the case of fermions, and giving
rise to spectacular phenomena such as superfluidity, superconductivity, and laser
emission for bosons. But in dimensions lower than three, more exotic possibilities
exist. In the seminal works by Leinaas and Myrheim [123], and Wilczek [124], it
was realized that a new type of particle, called anyon, with arbitrary values of € is
possible. Anyons behave neither as bosons nor as fermions. They obey fractional
quantum statistics [276, 277] and are expected to show an intermediate correlation
behavior, interpolating between bosons and fermions.

Two-dimensional anyons are found to exist as quasiparticles in topological states
of matter, such as fractional quantum Hall states in solid-state systems [278, 279],
and they can be engineered in superconducting quantum processors [280, 281], and
trapped-ion processors [282]. Triggered by Haldane’s fractional exclusion princi-
ple [276], which applies to arbitrary spatial dimensions, the existence of 1D anyons
was revealed in the context of the Haldane-Shastry model [283], where spinon ex-
citations were shown to exhibit fractional statistics. Since then, 1D anyons have
attracted a lot of theoretical attention. A wealth of phenomena has been proposed,
such as statistically induced phase transitions and fractional Mott insulators [284],
anomalously bound pairs [285], the accumulation of Friedel oscillations with increas-
ing 6 [286], and dynamical fermionization and bosonization of anyons [272, 287].
Anyonic models in 1D have been studied both in the continuum [288, 289] and on
discrete lattices [284, 290]. As a hallmark for the presence of anyonic correlations,
an asymmetric momentum distribution [270, 271, 291] is expected. The theoreti-
cal underpinnings of 1D anyons have long intrigued the scientific community, yet
their experimental realization and the observation of their dynamical behavior have
remained elusive. A topological gauge theory, developed to describe 1D anyons,
was realized using a weakly-interacting Bose-Einstein condensate [292, 293]. Re-
cently, using a Floquet drive, 1D anyons have been realized in a two-atom lattice
setting [294].

Here, we present a cold-atom realization of a many-body system with anyonic
correlations in 1D. We use a degenerate gas of strongly interacting Cs atoms to
simulate 1D hardcore anyons with an arbitrary statistical phase 6. Our system
consists of a single spin impurity embedded in and strongly interacting with a Tonks-
Girardeau (TG) [229, 230] host gas. The impurity serves a dual purpose in our study:
it enables the generation of anyonic correlations in the system and acts as a probe
to observe these correlations.
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Fig 3.1: Experimental realization of 1D anyons. a, [llustration of the emergence of anyons from spin-charge separation. For strong
interactions in 1D, the wavefunction factorizes into a charge part and a spin part. Note that, even though the illustration depicts a
localized spin impurity, we create a delocalized impurity. The charge sector (left) depicts one possible positional arrangement of the
particles, while the spin sector is one possible spin distribution in the squeezed space [295], both corresponding to the arrangement of the
spinful particles in the top line. In the finite momentum ground state of the system, all the momentum is carried by the spin sector in the
form of spin waves. Integrating out the spin degrees of freedom realizes an effective system of 1D hardcore anyons in the charge sector.
The statistical phase 6 of these emerging anyons is given by the momentum of the spin waves, see Methods. b, Edge of the excitation
spectrum of a 1D Bose gas for charge excitation (dashed line) and spin excitation (solid line) [45]. ¢, Expected momentum distributions of
anyons [296] for different values of the statistical phase 6 as set by the momentum A and indicated in b. d, Experimental realization of an
ensemble of 1D Bose gases in tubes formed by two retro-reflected laser beams. Each tube contains on average one impurity particle (blue
sphere). The interaction between the impurity and the TG host gas (red spheres) can be tuned by means of a Feshbach resonance [45].
e, Host-host (dashed curve) and host-impurity (solid curve) scattering lengths a and a4 as a function of the magnetic field B.
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3.2 QOur system

For strong impurity-host interaction, spin-charge separation occurs in our sys-
tem [266], see Fig. 3.1a, with the many-body wavefunction of N particles factor-
izing into a spatial ¢(z1,xe,..,zy) and a spin part x(o1,09,..,0x), where o; =1,
is the spin of the i-th particle. Anyonic correlations on ¢ arise from engineering
a spin wavefunction with fractional exchange symmetry when we restrict to cyclic
permutations. Intuitively, if y is chosen such that a permutation results in a phase
shift of —0, the spatial part ¢ is forced to have the opposite shift, in such a way
that the combined wavefunction is still bosonic. For this, the spin wavefunction is
prepared in eigenstates of the cyclic spin permutation operator é, i.e., spin waves
|0) with eigenvalue e~ see Methods. We experimentally prepare the spin wave by
adiabatically accelerating the impurity along the low-energy edge of the excitation
spectrum to momentum A(Q), see Fig. 3.1b. In each particular state, the momentum
of the spin wave fixes the effective phase shift resulting from an exchange of the
impurity with one of the particles in the host gas. For () =0, the exchange results
in no phase shift, akin to bosonic statistics, while for () = kg, the resulting phase
shift is m as expected from fermionic statistics (see Supplementary materials). For
intermediate momenta, we expect that anyonic statistics is realized. Here, kp = p7
denotes the Fermi momentum of the TG gas, with p the 1D density.

A particular observable that is sensitive to the anyonic correlations and to the
statistical phase 6 is the momentum distribution of the impurity. Specifically, the
one-body correlators of the impurity and for a hardcore anyon system are equal [295,
297],

(el @ (DB (2)by(y)(10) ® |i0)) = %(wldT(ﬂf)d(yW% (3.1)

where ISI (Ei) is the bosonic creation (annihilation) operator of the impurity and
a' (a) is the anyonic creation (annihilation) operator, with (af)? =0 defining the
hardcore condition. Equation (3.1) gives us direct access to the anyonic momentum
distribution. Figure 3.1c illustrates the expected anyonic momentum distribution.
As 0 is varied, the evolution from a bosonic via a skewed to a fermionic distribution
can clearly be seen.

3.3 Asymmetric momentum distributions

In the experiment, we prepare an array of about 6000 vertically oriented 1D Bose
gases with a weighted average of 37(2) atoms by loading a weakly interacting 3D
Bose-Einstein condensate of 1¥3Cs atoms [114] into a 2D optical lattice as illustrated
in Fig. 3.1d. Initially, all the atoms are in the hyperfine state |F,mg) = |3,3),
which we denote by |1). A magnetic force levitates the atoms against gravity. We
then tune the 1D interaction strength gy o< aq+ by means of a Feshbach resonance
for the scattering length as (see Fig. 3.1e) to bring the 1D Bose gases into the
TG regime, setting the Lieb-Liniger parameter to y44 ~ 14, see Methods. A short
radio-frequency pulse generates spin impurities in |3,2) =||) out of the host gas.
On average, we create one impurity per 1D Bose gas, with the number set by the
power and duration of the pulse. We handshake from pure magnetic levitation to a
combination of magnetic and optical levitation to allow for a comparatively small
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Fig. 3.2: Momentum distribution of anyonized bosons. a, Evolution of the measured impurity momentum distribution n (k) for
variable statistical phases 8, determined by the injected momentum A(), as indicated. Each distribution is the average of 7 experimental
realizations. b, Numerical results of the anyonic momentum distribution n, (k) using the anyon-Hubbard model. c-f, Example distributions
for 6/m equal to 0, 0.53(2), 0.72(3), 0.98(4), respectively. The error bars are smaller than the symbol sizes. The data is compared to
numerical results of the ground states of the anyon-Hubbard model (dotted lines), the swap model (solid lines) and the time evolution
governed by the spinful Bose-Hubbard model (dashed lines).
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force of F| ~mg/18 on the impurities, while the host gas remains fully levitated.
Here, m is the mass of *3Cs atoms and g is the gravitational acceleration. The
force must be kept small to ensure that the impurity adiabatically follows the lower
edge of the excitation spectrum. During the evolution, the impurity experiences a
host-impurity interaction strength of v4; ~9, as set by the host-impurity scattering
length a4, see Fig. 3.1e and the Methods. Applying F) for a variable evolution time
7 places the system at momentum AQ) = F|7. Varying 7 from zero to 3.5 ms sets
the phase 0 =Q/p=7Q/kr to values between zero and w. The inhomogeneities of
our system affect the values of # that we are able to prepare. We always indicate
the mean value of the distribution, which we control to a few percent level. The
distribution of densities and therefore # values has an estimated rms spread of about
20% across the system. We finally measure the | })-momentum distribution n (k)
by switching 4, to zero and imaging the |]) atoms after Stern-Gerlach separation
and free time-of-flight (TOF') expansion. The results are presented in Fig. 3.2a. For
6 =0, the impurity exhibits a momentum distribution n,(k) that is symmetric and
sharply peaked at momentum hk=0. As 6 is increased towards 7, the distribution
skews and the peak gradually disappears as the distribution broadens and flattens.
At = the distribution is flat-top, nearly filling the entire Brillouin zone from —kg
to k. In essence, the distribution evolves from a bosonic to a fermionic distribution
with significant skewness in between.

The anyonic nature of such skewness behavior is confirmed by performing a
quantitative analysis using several theoretical models. Our system is naturally de-
scribed by a spinful Lieb-Liniger gas, for which an exact Bethe-ansatz solution is
available [298] in the limit of a fermionized host gas and which allows an exact any-
onic mapping of the impurity momentum distribution in the thermodynamic and
hardcore limit [295, 296]. To properly capture finite-size effects and directly com-
pare the theoretical prediction to the data, we make use of lattice models that we
expect to reliably describe the system in the low lattice-filling regime, see Methods.
We first turn to the anyon-Hubbard model (AHM)

N e U o
Hpapv = —JZCLZCL@_H + h.c. + B} an(ng — 1) (32)
1 ¢

in the hardcore limit with the on-site interaction U — co. Here, J is the tunneling
amplitude between nearest-neighboring sites, a, is the anyonic annihilation operator
at site ¢, and n, = dz&g is the particle number operator. The prediction for the
momentum distribution as calculated by a matrix product-state algorithm [299] is
shown in Fig. 3.2b. The transition from a peaked bosonic distribution via a skewed
to a box-like fermionic distribution can clearly be seen. A direct comparison with
our data for selected values of 6 is presented in Fig. 3.2(c-f), and we find reasonably
good agreement. The second model we employ is the spinful Bose-Hubbard model
(sBHM), aimed at describing the dynamics of a spinful Bose system when a force
is applied. Additionally, we introduce a novel model, termed the swap model (see
Supplementary materials), featuring swap interactions, whose ground state takes the
form of the spin wave that we are targeting. The predictions from these models for
a single-tube realization are included in Fig. 3.2(c-f). Given our finite momentum
resolution that results from the inhomogeneous tube distribution (see Methods) of
about +0.2hkg, these predictions agree well with our experimental data. Imperfect
control of the impurity number also contributes to deviations.
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Fig. 3.3: Characterization of the anyonic momentum distribution. a, mea-
sured peak momentum k£* and b, peak occupation of the impurity momentum dis-
tribution n (k) as a function of statistical phase 6. The experimental data (dots) is
compared to the results of the simulations based on the various models as indicated.
The error bars reflect the standard error.

The anyonic correlations are reflected in the asymmetric momentum distribution,
exhibiting a shift of the peak of the momentum distribution and a variation of the
peak value. In Fig. 3.3a we compare the observed peak position k* and the peak
value n| (k= k*) with the calculated behavior of an anyonic system as 6 is varied.
For small 6, the peak momentum is proportional to #. The slope of the linear
dependence is expected to be proportional to the density p of the gas [270]. For
large 6 close to m, k* sharply decreases, since nj(k) starts to transmute into a
fermionic distribution. Simultaneously, the peak occupation n(k = k*) decreases
as 6 increases, as shown in Fig. 3.3b. These observations agree well with the results
of the numerical calculations.

3.4 Dynamical fermionization

We next turn to the dynamical properties of our anyonized system. Specifically,
we perform a rapidity measurement [300, 301], as has been used recently to study
dynamical fermionization in TG gases [149]. The rapidities are the integrals of
motion in a 1D integrable system, and they are expected to follow a fermionic
distribution in the hard-core limit also for anyons [272]. As before, we prepare the
system at momentum h(). We then set the force to |y =0 and the atoms are allowed
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Fig. 3.4: Dynamical fermionization of hardcore anyons. a-c, Evolution of the impurity momentum distribution n| (k) after quenching
the confinement to a flat-bottom trap and allowing 1D expansion for t;p = 0, 2, 5 ms, for three different values of statistical phase 6 as
indicated. Each distribution is the average of 10 experimental realizations. d-f, Theoretical prediction for the evolution of the momentum
distribution of hard-core anyons (N =10) during 1D free expansion [272].
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to expand in an approximately flat potential in 1D for a variable time t;p by partially
compensating the longitudinal harmonic confinement by means of a horizontally
propagating blue-detuned anti-trapping laser beam. We then measure n (k) as
before. This procedure maps the rapidities onto momenta when ¢;p is chosen to be
long enough, typically 5 ms for our parameters, set by the longitudinal trap frequency
and the average particle number (see Methods). The experimental results are shown
in Fig. 3.4(a-c). In the case without 1D expansion (t;p=0), as shown in Fig. 3.4a,
the initial anyonic momentum distributions n (k) for various values of ¢ differ greatly
and exhibit the skewness behavior as discussed above. However, as tip is increased,
the distributions converge to a similar asymptotic form. At t;p =2 ms (Fig. 3.4b)
the distributions still differ, but at t;p=>5 ms (Fig. 3.4c) they become almost equal.
In particular, they have lost their skewness. This behavior is qualitatively captured
by our numerical modeling, as shown in Fig. 3.4(d-e). We simulate the quench
dynamics for N =10 anyons after suddenly releasing the harmonic trapping potential
by solving the time-dependent Schrodinger equation (see Methods). The evolution
from greatly differing distributions to nearly symmetric and identical distributions
can clearly be seen. Note that the expected shape of the distribution in the long-
time limit is set by the harmonic trapping potential [272, 302]. Only for box-shaped
trapping one expects a box-shaped distribution. Future experiments with custom-
shaped potentials will be able to probe this relationship.

3.5 Conclusion

In summary, we have realized a many-body system of 1D anyonized bosons with
arbitrary statistical phase from a strongly interacting spinful bosonic system. Our
approach relies on the intrinsic fractionalization of spin and charge degrees of free-
dom in 1D systems in the presence of strong interactions. The observed asymmetric
momentum distributions, a hallmark of anyonic correlations, are in good agreement
with theoretical predictions. Our findings demonstrate the ability to transmute be-
tween bosonic and fermionic behaviors by continuously varying the statistical phase,
thus creating a flexible system that allows for the exploration of anyonic behavior
in a controlled, low-dimensional environment. Moreover, the observed phenomenon
of dynamical fermionization following a trap quench highlights the complex non-
equilibrium dynamics that these systems can exhibit, providing insights into the
interplay between quantum statistics and dynamical properties of 1D anyons.

A promising direction for future research will be the realization of tunable inter-
actions between anyons [303, 304]. This will open up possibilities for the study of
exotic quantum phases [305, 306] and phase transitions predicted for 1D anyonic sys-
tems [284, 307]. Our way of realizing density-dependent statistical angles provides a
new opportunity to study intriguing dynamical phenomena due to the presence of a
statistical interface [308]. Local control of the density distribution will be beneficial
for precise tuning of the statistical phase. Generalizing our work beyond 1D to study
topologically non-trivial states of matter is also an interesting avenue. Furthermore,
our method of measuring non-local string-type correlators via impurities could be
used to probe topological order in generic many-body systems [309-311].

Data Availability: The data shown in the main text is available via Zenodo [251].
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3.6 Methods

3.6.1 Experiment

The experiment starts with an interaction-tunable 3D Bose-Einstein condensate
(BEC) of 1.3x10° !33Cs atoms [234] prepared in the lowest magnetic hyperfine state
|F,mp) = [3,3) = | 1), held in a crossed-beam dipole trap and levitated against
gravity by a magnetic field gradient. The BEC is in the Thomas-Fermi regime with
the 3D s-wave scattering length a4y tuned to ayy /=220 ag corresponding to an offset
magnetic field of B = 21.24(1) G. A 2D optical lattice, generated by two retro-
reflected laser beams propagating in orthogonal directions, is gradually ramped up
in 500 ms to a potential depth of 30E,, with E, = 7?h?/(2ma?) the photon recoil
energy, cutting the 3D system into an array of 1D tubes that are oriented along
the vertical direction, as sketched in Fig. 3.1d. Here, a=\/2 is the lattice spacing
with A =1064.5 nm the wavelength of the lattice light. The longitudinal trapping
frequency in the 1D tubes is 25.6(3) Hz. The magnetic field is then ramped up
adiabatically to B = 35.1 G, tuning a4 to an = 750 ao, setting the Lieb-Linger
(LL) interaction parameter v+ =mgy/(h%p) ~ 14, where p=N/L ~ 1.33 ym™" is
the average 1D density and L is the average system length and the nominal value
of the Fermi wavevector is given by kr = mp. Here g ~ 2hw,ars [45] and w, is
the transversal trap frequency. For these values, the 1D systems are deeply in the
fermionized TG regime [17, 230].

The impurities are Cs atoms that have been transferred to the Zeeman substate
13,2) =|J) by means of a short radio-frequency pulse. Power and duration are set
such that on average one impurity per tube is created. The pulse duration (15 us)
is much shorter than the Fermi time (tp =120 us), ensuring that the spatial profile
of the impurity closely matches the one of the host gas. The number of impurities
varies across the atomic density distribution. Because our detection is sensitive to
only the impurity atoms, tubes with no impurities are irrelevant. For tubes with
two impurities, the momentum distribution is not expected to be exactly anyonic,
but the deviation is small, since the impurities are still the minority component.
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Fig. 3.5: Role of finite force and finite interaction. a Measured n, (k) at fixed
total momentum () and fixed interaction strength 4 for two different values of the
force F as indicated. Each distribution is the average of 7 experimental realizations.
The experimental data is compared to the results of the simulations based on the
sBHM. b Measured n, (k) at fixed @ for different v4,. The solid line is the prediction
from AHM.

The 3D scattering length between impurity and host atoms a4 also varies with B,
see Fig. 3.1e. At B=35.1 G the host-impurity LL parameter 4, takes the value
Yy ~ 9. The impurity atoms in ||) experience a smaller levitating force and would
be accelerated by F| =mg/3. Such a comparatively strong force would lead to a
non-adiabatic time evolution [45], populating the continuous spectrum of the gapless
quantum liquid and pulling the system away from its ground state (see below). To
avoid this, we adiabatically turn on optical levitation in 100 ms. Specifically, a
1064-nm Gaussian beam with a 1/e* waist of 0, ~210 yum™!, positioned o /2 above
the atoms, generates a nearly linear optical potential gradient. Approximately 10
W of laser power indiscriminately levitate the host and the impurity atoms when
the magnetic force is off. A tunable force F| on the impurity atoms, while still fully
levitating the host atoms, can then be generated by adjusting the fraction of optical
vs. magnetic levitation.

3.6.2 Role of finite force and finite interaction

Here we study the role of the finite force and finite interaction in our system. In
Fig. 3.5a, we show n (k) at a fixed total momentum hQ) =~ hkr for two different
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values of force F|. For strong force F| =mg/3, the distribution n (k) is skewed and
has a peak around k = kp. In contrast, for a relatively small force F| = mg/18, the
distribution is more symmetric and flat-top as expected for a fermionic distribution.
Simulations based on sBHM are in good agreement with our experimental data.
The residual asymmetry in the theoretical curve is attributed to the finite F|. The
deviation between theory and experiment mainly results from inhomogeneities of
the experimental system, in view of the distribution of kg values for different tubes.
We estimate an upper bound on the Fermi wavevector variation across the tubes
from the observed broadening of the momentum distribution of the system. The rms
width corresponds to 0.2 hkpr, where kp corresponds to the mean value. We next
turn to the effect of finite interaction strength on the momentum distribution. In
Fig. 3.5b we show n (k) at a fixed @) =~ 0.5ky for three different values of interaction
strength 4. Close to the non-interacting point v4; ~ 0, the distribution resembles
a bosonic distribution peaked around k£ = 0.5kr and does not show any skewness.
As we increase the interaction strength to a moderate value of vy, ~ 3, the height
of the peak decreases, and n (k) broadens to the left. Only for sufficiently strong
interaction, the distribution starts to agree with the prediction from AHM. This
confirms that strong interactions are crucial for the emergence of anyonic correlations
in our system. Note that the peak in the measured n (k) is broader than the AHM
predictions for a single tube. This we again attribute to the effect of inhomogeneities.
Note that 44 also varies when we change 4, but it always stays above 3.

3.6.3 Exchange symmetry engineering

We now elaborate on the way in which the emergence of a spin wave in the system
leads to the appearance of anyonic correlations on the original particles as expressed
by Eq. (3.1). Due to the phenomenon of spin-charge separation, the exchange sym-
metry of the spatial part is dictated by the exchange symmetry of the spin part of
the wavefunction. To obtain an exchange phase of # in the spatial wavefunction,
we need to have an exchange phase of —f on the spin wavefunction. To describe
the system, we will use the bosonic version of the approach described in ref. [295],
where the spinful bosonic system is replaced by a spinless bosonic charge sector and
a spin chain, describing the spin of each atom. The unitary pairwise spin-exchange
operators EAM exchange spin ¢ with spin ¢ in the spin chain. The set of & operators
generates the symmetric group of permutations Sy. A fully anyonic wavefunction

should be a simultaneous eigenstate of all £ ¢, with the eigenvalue e~ 0san(t=t)

This state cannot exist for various reasons. Since £2 is the identity operator, the
eigenvalues of £ are £1, corresponding to triplet (bosonic) and singlet (fermionic)
wavefunctions. Furthermore, two exchange operators of the type ég,g/ and gg/’gn do
not commute with each other, as can easily be verified. Simultaneous eigenstates
of all pairwise exchange operators are therefore not easy to find, as a result of the
fact that the group Sy for N larger than two is non-abelian. Nevertheless, certain
observables in the form of correlation functions can be sensitive to only a subgroup
of exchanges, as we will show in the following.

We will now try to find common eigenstates of just a subgroup of Sy, with the
required form of eigenvalues. In this sense, even though this method cannot generate
a fully anyonic wavefunction of the host-impurity system, it can at least give us direct
access to specific observables of the anyonic gas. We are looking for a subgroup of
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Sy whose elements can have complex eigenvalues. Cyclic subgroups are abelian and
the eigenvalues of the different elements are given by the m-th roots of unity, if m is
the size of the cycle. We will concentrate on the cyclic group of maximal order, C'y,
as this is the most relevant for us. The group generator C performs a cyclic rotation
of the spin chain configuration of the system C’|01, . ON) = |on,01,..,0n_1). The
eigenvalues are given by e, for § = 27n /N, withn = 0,.., N—1 and the eigenstates
are spin waves. Let us clarify the connection between the exchange phase and the
eigenvalue of C. One cyclic permutation corresponds to N — 1 backwards binary
exchanges. This can be seen by inspecting the effect of the operator on the state of
the spin chain. To reproduce the behavior of anyons with forward exchange phase
—0, the eigenvalue of C' should correspond to ¢?@=1. This reduces to e, using
the condition N = 27n, with n € Z, necessary to keep the wavefunction single-
valued. The allowed values of 6 are therefore discretized, but become dense in the
thermodynamic limit. In our experiment, N ~ 37, giving a discretization in steps of
Af/m ~ 0.03, which is below our uncertainty due to inhomogeneities. For the case
of a single impurity, the spin waves take the form

¢_23m¢w¢¢'w (3:3)

We want to identify correlation functions that are well described by the C op-
erator. The simplest example of these is the one-body correlation function of the
impurity, for the single-impurity case. To see this connection, consider the action of
the operator IA)I(J:)IA) 1 (y) on the spin configuration of the 1D system. The destruction
operator is only non-zero if the spin down particle is found at position y, the cre-
ation operator then places it at position x. As a result, the spin configuration of the
system has been shifted by exactly the amount N (x) — N (y), taking = > y. Here
N(z) = J7__ 7(y)dy counts the number of particles to the left of 2. This corresponds

to the application of the operator ON@=N®W  We can therefore rewrite

A & A A~

bl ()by(y) = bl (2)b(y) OV NI (N (y)), (3.4)

where b is the destruction operator of spinless hardcore bosons in the charge sector
and I (N (y)) is the projector operator on spin down for the spin at position N(y)
in the spin chain. If the spin state |#) is prepared, we get

(015} (2)b (0)]6) =5~ B (2)by)e ) =

— at(@)aly), (3.5)
where in the last equivalence we used the Jordan-Wigner transformation a = bet?™ .
The factor 1/N results from the mean value of II; on the spin wave. It is easy to see
how this argument can be generalized to the multi-impurity case, giving a family of
anyonic correlation functions that can be exactly simulated with this method. Their
explicit expression is given by

bl (1) b8 ()b (@1 + ). by (0 + d) x
al(zy)...a (zm)a(z + d)...a(z, + d), (3.6)
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where the number m of creation (destruction) operators should match the number
of spin ¢ particles in the spin wave. This demonstrates how, whenever the spin-wave
state is realized, we can find correlation functions of the original spinful gas that
map exactly onto correlation functions of a system of N anyons, explaining why it
is possible to access the momentum distribution of the anyons with measurements
on the original spinful bosons. Making use of this equivalence in practice requires
the control of the spin state of the system, but it is completely independent of the
state in the charge sector. It is therefore possible to directly measure dynamics
of the anyonic correlation functions, assuming the spin wavefunction remains in a
spin-wave state during the evolution. In our system, we prepare a spin wave as the
eigenstate of momentum with lowest energy by slowly accelerating the impurity.

3.6.4 Emergence of anyons via spin-charge separation

We now turn to a lattice model in order to understand how the charge sector can
be mapped onto an anyonic gas, when the spinful hardcore bosons are prepared in a
finite-momentum ground state. We consider the Hamiltonian ﬁlat describing a gas
of N spinful hardcore bosons,

Ls—1

Hyyo = —J Y bl bor1 — JZ bf bor + h.c. (3.7)

{=1,0

Here, b', (by¢) are bosonic creation (annihilation) operator at site ¢ and o= (1, ) is
the spin index and J is the hopping amplitude, whose value will be specified below.
We assume to be in the low density limit N/L < 1, where L N/Lg < 1, where
Lg is the number of lattice sites, and we impose perrodrc boundary oondrtrons SO
that conservation of momentum is assured. The operators b (bog) are assumed to
satisfy a no-double-occupancy (NDO) constraint, b bgg < 1. Under this NDO
constraint, spin and charge degrees of freedom separate, i.e., the wavefunction | )
can be written as |U) =|¢) ® |x). Here, |¢) and |y) denote the wavefunction for
the charge and the spin part, respectively. The Hamiltonian Hy can be written in
spin-charge separated form as [312]

Ls—1

Hsc =—J Z fljrf@rl - J<_1)N71fftsfléT + h.C., <38)
=1

where fg ( fg) is the spinless fermionic creation (annihilation) operator at site j
and C is the previously introduced spin permutation operator. Note that a bosonic
description of the charge sector, with hardcore constraint, is also possible, but has
the disadvantage that the bosonic particles are still interacting so that diagonal-
ization is not straightforward. The spin permutation operator C and the spinless
fermionic operators can be diagonalized separately as they are independent of each
other. The eigenstates of C are spin waves of the form

N,—1

l,) = “QJC’J\al, . oN), (3.9)

where |0y, ..,0y) is an arbitrary conﬁguration of the spin chain, v enumerates all
possible disconnected spin blocks and N, corresponds to the total number of distinct
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elements of the form CY|oy,...,on) in the v-th block. The eigenvalues of C' are
given by e for § = 27n/N,, with n = 0,.., N, — 1. In the case of a single
impurity N, = 1, the eigenstates take the form of Eq. (3.3). By projecting H,. on
the eigenspace of C, we get an effective Hamiltonian for the charge sector

Ls—1

Heg=—J Y flfer —J(=D)N?fl fi+he. (3.10)
(=1

Here we see that the fermionic charge sector acquires an overall flux. This spin-
generated flux is a collective effect, imposed by the spin waves onto the charge
degrees of freedom. Note that the original Hamiltonian H,, does not break time-
reversal symmetry (TRS). However, TRS is broken for the Hog governing the charge
sector. This is a result of the projection onto a specific spin-wave subspace. Finally,
we perform an anyonic transformation

/-1
g = foe! "N with Ny =)y (3.11)
j=1

The phase factor in the boundary term vanishes, (—1)N~1e?e!@+m(N=1) — 1 "and the

Hamiltonian Heg can be mapped onto a system of hardcore anyons with a periodic
boundary condition

Hampv = —J Y abapy — Jay as + hc. (3.12)

As one can see, the anyonic model does not contain any concatenated flux. The
transformation Eq.(3.11) is a generalized Jordan-Wigner transformation [313] and
the anyons can be understood as composite particles in the charge sector [314, 315].
Each spin wave selects a specific value for the statistical phase. In the thermo-
dynamic limit, this result also holds for any choice of boundary conditions. This
justifies the use of fixed boundary conditions in the numerics.

Next, we turn to anyonic observables that can be measured experimentally. The
real-space density of these anyons can be extracted by measuring the total density
of the gas (plajare) = (ol fl felp) = S (U[b! bye|¥), where U is the many-body
wavefunction of the whole system. However, for hardcore anyons the real-space
density is independent of #. The one-body correlator <€LZT€L]~>, on the other hand,
is very sensitive to #. The Fourier transform of this gives the anyonic momentum
distribution, which can be measured by measuring the momentum distribution of
the impurity in our system via equation (3.1). Note that Hamiltonian (3.10) can be
diagonalized exactly [312]. The momenta of the fermions correspond to the rapidities
of the system.

3.6.5 Anyon-Hubbard model

To benchmark the anyonic behavior realized in the experiment, we next elaborate
on the anyonic correlations of the paradigmatic AHM, which can be effectively sim-
ulated by using a bosonic model with density-dependent tunneling. By using a
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fractional version of the Jordan-Wigner transformation, i.e., the anyon-boson map-
ping

(-1
dg = l;geieNZ, Ng = Zﬁj, (313)
j=1

the anyon-Hubbard model from Eq. (3.2) can be expressed in terms of bosonic
operators as

Ls—1

. on . U

Hypy = —J E <bzbe+16ww + h.c.> - 5 E g (g — 1) (3.14)
=1 ¢

Here, b, are the bosonic annihilation operators at site £.
Different from the the bosonic one-body density correlation (b}bw, the correlator
of anyons <d;d@> can be expressed as

(aday) = (bfe®Ne=N0p,). (3.15)

For the data shown in Fig. 3.2 and Fig. 3.3, we have assumed N = 10 anyons
in Lg = 40 lattice sites in the hard-core limit with open boundary condition. The
effect of the boundary condition is negligible for large system sizes. The use of a
reduced atom number speeds up considerably the numerics. We find a consistent
and satisfactory agreement with the experimental data by considering large system
size at low filling (see Supplementary materials).

3.6.6 Dynamical evolution with sBHM

In practice, a spin wave can be generated by slowly accelerating the impurity. In
order to efficiently simulate such a dynamical process, we consider a spinful Bose-
Hubbard model (sBHM) on a 1D lattice,

Lg—1
Hgpnva =—J Z <b$ng£+1 + b&bwﬂ + h.c.)
/=1
+ U¢¢Zﬁ¢gﬁu — ZFiaﬁﬁw. (316)
L l

Here, IA)M and b ¢ are the annihilation operators of host particles and an impurity at
site ¢, respectively, with their hopping strength being denoted by J. We consider
the hardcore limit of the intra-component interaction, i.e., Uy — oo and U}; — oo.
The on-site interaction between host particles and the impurity is denoted by Uy, .
A constant force F| is applied only to the impurity. We define the dimensionless
force F = %—72 In the low filling limit, any lattice model reduces to a continuum
model with the effective mass given by

h2
m= 2Ja?’

(3.17)

By setting the value of the effective mass to be equal to the particle’s mass, we fix
the value of Ja?. By defining the filling factor in a lattice n=N/Lg and a=L/Lg
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being the lattice constant, one obtains the following mapping between quantities,

U _ gy 2ma? N
Z I = Dva — 3.18
J a h2 7T~L LS’ ( )
Fla 2ma® N\’
—— =Fla—F=2 — ] . 3.19
2 —rai =27 () (3.19)

In our simulation, the initial impurity distribution is defined by the ground state
of the Hamiltonian (3.16) with | = 0 and a harmonic trapping potential V' ap-
plied only for the impurity. At t = 0, we suddenly remove the traps and switch
on the constant force F|. We simulate the quench dynamics by solving the time-
dependent Schrédinger equation associated with the Hamiltonian (3.16) by using
the time-dependent variational principle (TDVP) based on matrix product states
implemented using ITensors [299, 316]. The results are presented in Fig. 3.2 and
Fig. 3.3. The parameters have been chosen as Lg =40, N, =1, N, =20,U/J =9.1
and Fla/J=0.15 for numerical convenience. A more costly simulation by using a
larger system size (e.g., Lg = 120) at lower filling (e.g. Ny/Lg = 0.25) gives very
similar results (see Supplementary materials).

3.6.7 Swap model

Inspired by the central role of the spin wave in the emergence of anyonic behavior
of our system, we develop a toy model whose ground state encodes the spin wave
we are targeting,

Ls—1 Ls—1
Hyop = —J > blbross = J > blbpe
/=1 l=1
Lg—1
— Jexe™ Y T BLbY, bebress + hec, (3.20)
/=1

with lA)Tg and b ¢ being the annihilation operators of host particles and the impurity
at site ¢, respectively, and their hopping strength denoted by J. In the strongly
interacting regime, the swapping strength J., is expected to be of the order of
J? /Uy Importantly, we encode the spin-wave information by assigning the factor
e " to the swapping terms. The ground state of the swap model is expected to
effectively describe the lowest energy state of the spinful system for momentum
hQ = hpf [317].

In a spin-charge separated representation, the one-body correlation function
(Z)IZIA)MQ of the single impurity can be implemented by hopping of spinless parti-
cles and swapping & on the spin chain [295, 318]. Taking ¢’ > ¢ as an example, we
have

(blobye) =Y (plb}bed,, 5,6, 5, 19)

X <X|gm,m+l o ém’—l,m’|X>7 (321)

Here, the Kronecker § operators ensure that the ¢-th site is occupied the m/-th
spin, and after hopping, the ¢-th site is occupied by the m-th spin. In the case of a
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single impurity, the product of swap operators is related to the C operator as shown
previously, giving rise to a spin wave, which leads to the one-body correlator of the
impurity shown in Eq. (3.1). Calculating the Fourier transform of the one-body
correlator of the impurity and using the parameters Lg = 120, N| = 1, N; = 30 and
Jex/J = 0.01, we obtain the quasi-momentum distribution of the impurity shown in
Fig. 3.2 and Fig. 3.3. Note that the small value of swapping strength J,, is related
to the strong host-impurity interaction and the agreement with experimental data
is found for a wide parameter regime (see Supplementary materials).

3.6.8 Rapidity of anyons in 1D

In Fig. 3.4(d-f), we present the results of the simulation of the quench dynamics of
anyonic gases after suddenly removing the harmonic trap in 1D. The momentum
distribution as a function of evolution time is expressed as

1 ,
na(k,t) = o // dzdye™ @Y pyca(x, y; t), (3.22)

with the single-particle density matrix of hardcore anyons pyca(z,y;t). Following
Ref. [272], it can be efficiently computed as

N-1
pHCA(xv Y; t) = Z QZS:H(I, t)Amn(xv Y; t)¢n (y7 t)’ (323)

m,n=0

where A,,,(z,y;t) are the matrix elements of A(z,y;t) = (P~1)TdetP, and the
elements of matrix P(z,y;t) are Pun(z,y;t) = Opnn — (1 — e 820=9)) gon(y —
z) [V dzr,(2,t)¢n(2,t). Here, ¢,(x,0) are the single-particle wavefunctions of the
1D harmonic oscillator, and ¢, (x,t) fulfill the time-dependent Schrédinger equation

L0z, t) [ R P muwir’O(—t)

with Heaviside step function ©(¢), which models a sudden quench w(t) = wyO(—t).
The solution is found to be ¢n(z,t) = ¢, (2/b(t),0)eime*b/2h=iEt)/h /| /(1) with
the scaling factor b(t) = /1 +wit?, 7(t) = [, dt'/V*(t') and E, = Fwo(n + 1/2).
In the experiment, the trapping frequency is set to wy = 2w x 25.6(3) Hz, and the
average Fermi time is tp = 2m/hkZ =~ 0.12 ms. Due to the finite size of the optical
levitation beam, the expansion time tp is limited to about 5 ms in the experiment.

3.7 Supplementary materials

3.7.1 Exact solution via Bethe ansatz

Here, we consider the problem of an impurity interacting with a one-dimensional
TG gas via a short-ranged d-function potential of arbitrary strength g;. The TG
gas can be mapped to a gas of spin-polarized free fermions. The system is governed
by the Hamiltonian [189]

N N
2 1 H2 1 H2
H:%;Pi +%P¢+9T¢Zc5(a7i—x¢), (3.25)

=1
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where z; and P; are the position and momentum of the i-th background particle,
respectively. The position and momentum of the impurity are denoted by = and Pi,
respectively. All particles are assumed to have the same mass m. The dimensionless
LL interaction strength is given by v = ngy, where p = is the density of the
background gas and L is the system-size. The Fermi momentum, defined as kp =7p,
is directly proportional to the 1D density p. This model (3.25) is integrable for any
value of g, and can be solved via Bethe ansatz [298]. Some calculations are easier in
the mobile impurity reference frame. This frame is accessed via the Lee-Low-Pines
(LLP) transformation [194], sometimes called the polaron transformation, which is
frequently used in polaron physics. For simplicity, we set g1 = gand h =m =1 in
the following.

3.7.2 Lee-Low-Pines transformation
The key object is the operator )
Q = oL, (3.26)

Here, z, is the position of the impurity and P; is the total momentum of the host
particles. The transformation of an arbitrary operator O from the laboratory to the
mobile impurity reference frame is given by

O — 0o =009 " (3.27)

The LLP transformation does not affect the momentum of the host particles but
changes the momentum operator of the impurity

Po="PF,  Po=P-P (3.28)

Therefore, the total momentum of the system in the mobile impurity reference frame
reads

Py=P,. (3.29)
Let us apply Q to the wavefunction. Recall that
eis f(z) = flz + a). (3.30)

As a result,

QU (wy,1,...,xn5) = Vo(xy, 21 + 2y, ..., a5 +2,) = 9"V (0,21,...,2x5).
(3.31)
Here W is the wavefunction in the original frame, the subscript ) indicates the
value of the total momentum of the system. Note that we work with fermions in the
continuum, hence our system is translationally invariant. The shift of all coordinates
is achieved by the action of the momentum operator as follows from Eq. (3.30). This
is how we got the right hand side of Eq. (3.31). We can rewrite Eq. (3.31) as

Uo(ry, 21, .. oy) = €9 Uo (0,21 —2), ..., an—1)) = €9 folyr, ..., yn), (3.32)

where y; =v; —x,j=1,...,N.

The function fo(v1,...,yn) is the wavefunction of the system in the mobile
impurity reference frame. Working with its first-quantized representation, we aim
at doing an exact calculation for finite N. Hence, we impose periodic boundary
conditions to take into account finite-size effects. For the following calculations, we
consider the case where N is odd.
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3.7.3 Bethe ansatz solution for arbitrary coupling

The Hamiltonian 3.25 in the mobile impurity frame transforms to,

N N
-~ 1 A 1, A
Ho=>)Y P’+-(P —P)? S(yi)- 3.33
Q 2;z+2(¢ ¢)+9;(y) (3.33)
Thus, any gas particle in the impurity frame is scattered by the impurity particle
positioned at the origin. The wavefunctions of the problem in the impurity frame
look particularly simple. They are just Slater determinants [319]

eik1y1 . eikNJrlyl
S S 0<y <L 3.34
e AN N TSV A CEY
l/(k’l) IJ(ICN_H)
where ]
g
vig) =2 —m . 3.35
@ =3Iy (33
The factor Y ensures the normalization condition. The set of quasi-momenta
ki, ..., kyy satisfies a system of nonlinear equations (Bethe equations)
k;L  2k;
cotJT:—j—A, j=1,2,...,N+1. (3.36)
g

Here A is a free parameter, whose value is fixed by requiring
N+1

Q= Z kj. (3.37)

That is, the sum of the quasi-momenta give the total momentum (which is an
observable). In the system with finite number of particles the total momentum is
quantized as usual,

2
Q= %n n=0,+1,+2,.... (3.38)
The energy of the state is
1 N+1
Er =3 > k. (3.39)
j=1

Let us recall how Egs. (3.36) are obtained. The function (3.34) has to be con-
tinuous,

w=l . (3.40)

folyr, - oun) |y =

Its first derivative should experience a jump such that the second derivative generates
the terms gd(y;):

=L
zjzo =gfoyr,---,y; =0,...,yn). (3.41)

Substituting the function (3.34) into these two equations we get the desired equa-
tions (3.36).

The form (3.34) is valid when all y; are contained in the interval from zero to
L. The expression, for example, for y; in the interval from L to 2L is not given by
Eq. (3.34). We discuss how to extend Eq. (3.34) from the interval 0 < y; < L for
the particular case g — oo in the next section.

_ayij<y17 s 7yN)
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Bethe ansatz solution in the limit of infinite repulsion

The form of Eq. (3.34) further simplifies in the limit of infinite repulsion, g — 0.
There, the function (3.35) becomes momentum-independent,

1
) =-x— 97 (3.42)

and the wavefunction (3.34) takes the form

eik1y1 L eikN+1y1
IR 3.43
faln o un) = T e | 9T (343)
1 . 1

in the domain 0 < y; < L. The Bethe equations (3.36) also simplify a lot:

kL
cot===-A,  j=12.. N+l  g-rco. (3.44)

We see that the quasi-momenta k; are quantized like free fermions plus a shift, same
for all k;s from a given set:

=g+ j=12.. N+l g (3.45)
where ;= —2tan(A) and g; are free-fermion momenta
2m
q; = fﬂj, n; = 07 :tl, ZEQ, ceee (346)

We therefore have

ey plan iyt
=~ N
Y , . :
_ ipy;/L : . :
folyr, ... yn) = T jlzll et s ]| g— o0 (3.47)
1 . 1

in the domain 0 <y; < L.

It is worth mentioning that the function fg remains far from trivial even in the
g — oo limit, despite the seemingly “free-fermion” form of the expressions (3.43)
and (3.47). This is because each plane wave, e, still does not satisfy periodic
boundary conditions, that is, e®*i% £ 1.

It is important to keep in mind that the function (3.43) is defined in the domain
0 < y; < L (which means that the gas particles are positioned to the right of the
impurity). Let us now extend the definition to the case where some particles are
placed to the left of the impurity, that is, we tackle the domain —L < y; < L by
defining the function extension as fQ. We require periodicity of fQ on a ring of
circumference L:

folvi,...,y; —L,...,uyn) = folyr, -, yj, - yn), J=1,...,N. (3.48)
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Having Eq. (3.43) and using Eq. (3.48) we propose
eik1y1 o eikN+1y1
. Vi Ity sen(y;)

fQ(yl: cee ayN) = \/W eik;yN o eikN‘_,_lyN ’
1 1

g—o00. (3.49)

It is the factor containing the sign functions that ensures the validity of Eq. (3.49)
in the whole domain —L < y; < L. Coming back to the laboratory frame we get for
this wavefunction

etkizr  glknpm
Ve—i% [ sen(z;—x) : . :
\IJQ(.TM L1, ... ,.TN) = \/W X eik;JJN ' eik‘N;LlZ'N ) g — o0.
. etkizy  piknjazy
(3.50)

valid in the domain —L/2 < x; < L/2,j=1,...,N,|. Recall that Egs. (3.49) and
(3.50) are connected by the transformation (3.31). The function (3.50) is antisym-
metric with respect to any permutation of the host particles.

At this point, let us summarize our knowledge about the wavefunctions and about
the spectrum in the g — oo limit. Equation (3.50) is a Slater determinant. This
way, the impurity problem at infinite repulsion behaves just as the free fermion one.
Indeed, if any two of the coordinates from the set x1, ..., xy, x| take the same value,
the determinant vanishes regardless of the values of the quasi-momenta k1, ... kni1.
This is how fermions should behave. The function (3.50) is antisymmetric with
respect to any permutation of the host particles. What is really amazing about
Eq. (3.50) is its periodicity, that is, W takes the same values at x; = —L/2 and
x; = L/2,j =1,...,N,| in the case of ki,...,kny1 quantized according to the
Bethe equations (3.44) and (3.38), despite the fact that each plane wave is not
periodic in this interval, e?*i7 = ¢, We now reformulate the problem in the language
of the second quantization.

Anyon-fermion mapping of the ¢ — co problem and second quantization

The parameter y is related to the total momentum AQ as @ = kp(1 + £). The
wavefunction for each value of p can be written in the second-quantized form as
follows

L
(W) = \/%/0 dzydey - denVo(ay, @, .. an) Uk (200 (21) - - o (2n)]0).
' (3.51)

Here, v is the fermion destruction operator and 1, behaves as an impenetrable
anyon with respect to 1,

Yalzy)i(x) — e TSy ()yy () = 0, (3.52)

while the host particles behave with respect to each other as free fermions. The
impurity-host exchange phase is zero for Q=0 and 7 for () = kr as anticipated in
the main text. Note that the momentum distribution of the impurity n,(k) is the
same whether the host particles are free fermions or a TG gas and n (k) can be
expressed through a correlation function of 1D impenetrable anyons [296].
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3.7.4 Anyon-Hubbard model in a nutshell

In this section, we briefly review the properties of the above-mentioned anyon-
Hubbard model, which is a paradigmatic model to describe anyons in 1D lat-
tices [270, 284],

. . U PR
Hagyv = —JZ <a};a£+1 + h-C-> + B ZW (e —1), (3.53)
¢ Y4

where J and U denote the tunneling amplitude and the on-site interaction between
anyons, respectively, and n, = dzdg is the number operator at site £. The anyonic
operators a, obey the generalized commutation relations

AT A —ifsgn(j—k) AT~ __ PN —ifsgn(j—k) 5 ~ __
aiay —e apa; = ik,  Gja, — e aipa; = 0. (3.54)

The above relations can be obtained by means of a fractional version of the Jordan-
Wigner transformation, i.e., via the anyon-boson mapping

-1
dg = i)geieNg, Ng = Z ij, (355)
j=1

where b, are bosonic operators and obey the bosonic commutation relation [l;j, ZAJL] =
8k, [bs, bk = 0 = [ZA)j, bl]. Note that the above transformation gives the same number
operators, i.e., Ny = &}dg = lA)ZZA)g.

Combining the anyon-boson mapping (3.55) with Eq. (3.53), the anyon-Hubbard
Hamiltonian can be expressed in terms of bosonic operators as

. PN . U
Ha = _JZ (bzbﬁleww + h.c.) + 3 Zfl@ (ng —1). (3.56)
¢ ¢

Here, we will be interested in the quasi-momentum distribution. One has to dis-
tinguish the quasi-momentum distribution in terms of bosonic operators from that
using anyonic operators,

() =7 > MO blbe), (3.57)
o

oy 1 ik(0—0) /1
(ng) =7 Z e R = (Gl (3.58)

174

In the hardcore limit, the bosonic Hamiltonian (3.56) will be independent of the
statistical angle 6, i.e.,

Hng =y Hian = —JZ (gjzi?eﬂ + h.c.) : (3.59)
¢

Thus, computing the quasi momentum of bosons (ii2) would give a 6-independent

quasi-momentum distribution [270].
However, the anyonic nature can be revealed by computing the anyonic quasi-
momentum distribution (72), because the anyonic correlation (a}dy) are modified



96 CHAPTER 3. PUBLICATION II

n(k)(a.u.)
n(k)(a.u.)

P P SR RS

k/ke k/ke

Figure 3.6: Benchmarking the experimental data by the AHM. (a) Effect of
total host particle number at L = 40 and U — oo. (b) Effect of the system size at
filling 1/4 at U — oo. (c) Effect of the on-site interaction U at L = 40, N = 10.
The blue dots are the experimental data for §/m = 0.53(2); the solid lines are the
prediction from the AHM. Note that in (a,b), the peak has been rescaled to match
the amplitude of the experimental data.

by the Jordan-Wigner transformation. To clarify this, we can explicitly write the
anyonic correlation as

<Z;z[;g/€i0(N5/iNl)>, v >/

<l;zi)g/€i0(N5'_NZ+l)>, < /. (360)

(@}ar) = (bl by = {
Here, (o) = (V| @ |¥) represents the expectation value with respect to the ground
state | W) of the Hamiltonian (3.56), which can be expressed in the Fock state basis

{lii)} as

|\Ij> = ch|¢j>7 |1/}J> = |n]i7n%7 e 7njL> (361)

J

with complex coefficients ¢;, ny = {0,1} in the hard-core limit, and L being the
total site number of the chain. In this case, the above anyonic correlation (3.60) can
be rewritten as

S ey (Wil bbe )P NEND >,
ATA _ 27.7
a,0p) = IR U 3.62
< ¢ Z) chcj<wi|bzbe/WJj)g—zO(NngZ,fl)’ V< /. ( )

i,J

with N/ = >_;- Here, the (N-dependent) phase factors in Eq. (3.60) and (3.62)
are attributed to the contribution from the Jordan-Wigner transformation, which
transfers the bosonic correlation (b}by) to be the anyonic one (a}a).

To benchmark the anyonic correlations from the AHM with the experiment, we
consider the experimental impurity momentum distribution at 6/7 = 0.53(2) as
an example. As shown in Fig. 3.6, the agreement between the experimental data
and the anyonic momentum distribution obtained from the AHM improves for large

system sizes and low filling.

3.7.5 Ground-state properties of the swap model HSwap

Next, we investigate the effect of various system parameters of the swap model,
specifically the number of host particles /Ny, the length of the system chain L,



3.7. SUPPLEMENTARY MATERIALS 97

a b

( )12 T ( )L2 T
1.0 1.0

—~ 0.8 —~ 08

3 3

2 06 2 06

= =

< 04 < 04
0.2 0.2

k/ke k/ke k/ke

Figure 3.7: Effect of different system parameters of the swap model. (a)
Quasi-momentum distribution for the impurity for varying number of host particles
Ny with Jox = 0.1, L = 40; (b) Quasi-momentum distribution of impurity for varying
system size L with Jo = 0.1, Ny/L = 0.1; (¢) Quasi-momentum distribution of
impurity for varying Je, with Ny = 12, L = 120. The black dotted lines in (a-c)
show the location of the peak, which is given by kyea/kr = /7. Note that the peak
has been rescaled according to the experimental data.

and the swapping strength J... As shown in Fig. 3.7, changes in these parameters
lead to similar behavior, in the sense that larger values give rise to a narrower
quasi-momentum distribution (less uncertainty in momentum space). Note that the
height of the theoretical quasi-momentum distribution results are rescaled by the
experimental data.

Now we fix the system length to L = 120, and tune the parameters Jox and N;.
By computing the residuals 6 = ). |y; — f(x;)| between experimental data y; and
the model f(x;), one can see that low values of § appear in a wide parameter regime,
as shown in Fig. 3.8(b). Similar results can be obtained by using either low filling
(e.g. n = 0.1) with Jox = 0.1 or higher filling (e.g. n = 0.25) but lower Jo, = 0.02,
see Fig. 3.8(a). This trend indicates that in the thermodynamic limit (Ny — 00),
the optimal value of J,, would tend to 0. The behavior of anyionization in a finite
system with open boundary conditions is well captured by using a finite Je, in our
swap model.

3.7.6 Dynamical evolution governed by H.pram

As mentioned in the main text, a strong host-impurity interaction and a weak force
are necessary to achieve anyonization in our system. In the following, we present
simulations for which we relax these requirements. We simulate the dynamical
evolution by solving the time-dependent Schrédinger equation associated with the
spinful Bose-Hubbard Hamiltonian (sBHM). For this simulation, the initial state of
the impurity is set to the ground state of FISEHM + %Z/Qﬁ 10, Where V' quantifies
the strength of the impurity harmonic trapping. For weak interactions, the impurity
hardly feels the presence of the host particles and drifts away, see the spatio-temporal
distribution of the impurity shown in Fig. 3.9(a). As a result, the quasi-momentum
of the impurity is simply shifted from the initial state, in Fig. 3.9(d) to the final
state in Fig. 3.9(e). In contrast, in the strongly-interacting regime, the impurity
hardly moves, i.e., the density is not affected, see Fig. 3.9(b). The asymmetry in
the momentum distribution survives in a wide range of values for the impurity-bath
interaction U, which suggests the robustness of the protocol. As the spin wave is a
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Figure 3.8: Comparison between experiment and the predictions of the
swap model for different values of Jox and N;. (a) Comparison between
experimental data (blue dots) and the quasi-momentum distribution obtained by
using the swap model for optimal values of the parameters. (b) Residuals between
the data and the model as a function of J. and N;.

low energy excitation, the force should remain weak to properly prepare it. Indeed,
as shown in Fig. 3.9(c), applying a strong force will result in Bloch oscillations of the
impurity [45]. In Fig. 3.9(f) we see that the force F|a/J needs to be kept significantly
smaller than 1 to properly reproduce the momentum distribution data.

We next investigate the effect of the impurity’s initial density distribution by
subjecting it to a hard-wall confinement of width W (in unit of lattice constant
a). Namely, we start with the ground state of the SBHM with an initial hard-wall
potential felt only by the impurity and using different values for W. The confinement
is then removed for ¢ > 0. For W =1, which corresponds to the impurity initially
localized at a single site, i.e., a single Wannier state, the spatial density distribution
of the impurity shown in Fig. 3.10(a) exhibits a decaying breathing pattern. In this
case, it is difficult to observe a consistent anyonic feature. For large values of W, the
impurity has a broad spatial distribution (see Fig. 3.10(c)), which thus allows for a
proper generation of a spin wave, and the quasi-momentum distribution gets closer
to the experimental data; see Fig. 3.10(d,e). Note that for a long chain (L = 120)
and wide enough initial hard-wall potentials, the time-evolved quasi-momentum
distribution agrees with the experimental data, see Fig. 3.10(e). For a shorter chain
(L=40), as shown in Fig. 3.10(e), using a higher host particle density gives rise to
similar results.
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Figure 3.9: Effect of the impurity-host interaction U and applied force F| as calculated from the sBHM. (a-c) Spatio-
temporal density distribution of the impurity as a function of time for (a) U/J = 1, Fja/J = 0.25, (b) U/J = 15,F|a/J = 0.25 and
(¢c) U/J =9.1,Fa/J = 2.5. Effect of the impurity-bath interaction in the quasi-momentum distribution of the impurity at (d) 6 = 0,
(e) 0 = 0.531 The same legend applies for (d) and (e). (f) Effect of the force on the quasi-momentum distribution of the impurity at
0 = 0.987. Blue dots are experimental data from Fig.2 in the main text and the solid lines are the numerical results. Other parameters are
Ny =20, L = 40 and the initial state is chosen as the ground state of the sBHM with harmonic trap V/J = 0.02 applied to the impurity.



CHAPTER 3. PUBLICATION II

100

0.15
08
06 _ o 010
E = £
< 2 <
0.4
0.05
0.2
0.0 0.00
¢ ¢ ¢
(d) (e) (f)
[T TT1 T T
I ® Exp.
1.00 £ — -~ 20/40
-~ - ~ 075 F 30/120
] ] ] L
3 S S
5 5 5
k/ke k/ke k/ke

Figure 3.10: Effect of the initial density distribution of the impurity determined by a hard-wall confinement. (a-c) Spatio-
temporal density distribution of the impurity for various values of the hard-wall width (a) W =1, (b) W =3 and (c) W =11 in the case of
N;y=10 and L=40. (d) Comparison of quasi-momentum distribution between the experimental data (blue dots) and the results obtained
by using the sSBHM (solid lines) for various values for W. (e) Same as (d), but using Ny =30 and L=120. (f) Comparison of the quasi-
momentum distribution between experimental data (blue dots) and the results obtained from the dynamical evolution governed by the
sBHM. The analysis suggests that a decrease in system length can be compensated by considering a larger number of host particles. The
other parameters are set to U/J=4.55 and F|a/J=0.03125. Note that in (d-f) the peak has been rescaled according to the experimental
data.
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The frictionless motion of an obstacle through a fluid medium is commonly
viewed as a hallmark of superfluidity. Landau’s seminal insight into superfluidity
provided a microscopic criterion for this dissipationless transport. According to
Landau, kinematic constraints prohibit superfluid behavior in one-dimensional (1D)
Bose gases. Here using ultracold atoms, we show how a microscopic impurity can
propagate through a strongly interacting Bose gas without any friction at odds
with Landau’s paradigm. Fast and precise control of interactions between atoms
allows us to prepare the impurity with initial velocity ranging from subsonic to
supersonic regimes and subsequently track the non-equilibrium dynamics of the
system generated by an interaction quench. We find that the injected impurity
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never comes to a full stop, at odds with conventional expectations of relaxation.
Instead, the impurity forms a strongly correlated state with the quantum liquid and
reaches a steady state that propagates at a reduced velocity. We further measure
the full momentum distribution of the impurity and extract the timescale associated
with momentum transfer from the impurity to its environment as a function of
initial velocity of the impurity and interaction strength with the many-body bath.
In particular, for strong interactions, we find that a supersonic impurity relaxes
within Fermi time whereas for subsonic impurities the relaxation time is inversely
proportional to its velocity. Our findings demonstrate the emergence of long-lived
entangled quasiparticle states and provide key insights into transport and coherence
in low-dimensional quantum fluids.

4.1 Introduction

Classical mechanics tells us that an impurity moving through a fluid medium expe-
riences friction arising from countless microscopic collisions with surrounding par-
ticles. Each collision transfers energy and momentum away from the impurity, cre-
ating a dissipative force [321] that brings the moving impurity to a complete stop.
This classical picture of ever-present multiple collisions suggests that a friction force
always acts on the impurity in the case of its directed motion. The advent of quan-
tum mechanics introduced a radical departure from this view. The phenomenon of
superfluidity, first observed in helium-4 illustrates how quantum fluids can behave
collectively in such a way that dissipation can vanish entirely [322, 323].

In 1941, Landau’s seminal insight into superfluidity provided a microscopic cri-
terion for this dissipationless transport [324]. A way to understand the superfluidity
phenomenon is to regard all particles of a quantum fluid as an entity responding
collectively to the motion of an external object through it. The dispersion [58],
which is the relation between the energy and momentum of the excitations of this
entity, could be such that the object moving with a velocity v below some non-zero
critical value v, cannot excite them at all, otherwise total energy and momentum
conservation laws are violated. The condition v < v. deduced in this way is Lan-
dau’s criterion for superfluidity. Over the past eight decades, this criterion has
underpinned our understanding of superfluidity, guiding both theoretical develop-
ments [74] and experimental tests ranging from vortex nucleation [27, 325-327] to
drag measurements [328, 329] in ultracold quantum gases. Landau’s criterion as-
sumes that the object is sufficiently massive to be treated classically, essentially as
a macroscopic obstacle whose dynamics is largely decoupled from the quantum na-
ture of the medium. When applied to interacting one-dimensional (1D) Bose gases,
the critical velocity v, = 0. That is, according to Landau, any macroscopic object
moving through a 1D Bose gas should ultimately come to rest [330].

In this work, we show that this conclusion does not hold when the object is no
longer macroscopic but instead a microscopic quantum impurity. Here, recoil due
to interactions with the background gas can not be neglected, yielding novel physics
beyond the kinematic picture [331-333]. The quantum flutter phenomena provides
one such example where a finite-mass impurity forms an entangled state propagat-
ing through a many-body system and remaining coherent for long times [189, 190].
Experiments with ultracold atoms have served as a powerful platform for studying
impurity physics [198], ranging from the observation of Fermi [334-336] and Bose
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Figure 4.1: Experimental procedure. a, Experimental realization of an array
of 1D Bose gases in tubes formed by two retro-reflected laser beams. b, Pictorial
representation of the experimental sequence. Top panel: Interaction strength ~;
throughout the experimental sequence. Middle panel: On average one impurity
particle (blue sphere) per tube is created from a strongly correlated host gas (brown
spheres) via a radio-frequency pulse. The impurity initially does not interact with
the host gas. After its creation the impurity is accelerated to the desired momentum
(). Subsequently the entire system is dropped and the interactions between the
impurity and the host are turned on. ¢, Magnetic field dependence of the scattering
length a, for collisions between atoms in the host gas (dashed line) and between
impurity and host atoms (solid line) [320]. d, Edge of the excitation spectrum of a
1D Bose gas without impurity - plasmon branch (dashed line) and with one impurity
- magnon branch (solid line). For both cases, it is a 2kp periodic function of the
total momentum of the system hk. The blue parabola corresponds to the energy-
momentum relation of a single non-interacting impurity.

polarons [337, 338] to the study of polaron spectrum and the non-equilibrium dy-
namics of impurities [45, 339, 340]. Despite these recent progress, the experimental
realization of a moving polaron is still lacking.

Here, using ultracold Cs atoms, we investigate the dynamics of an equal-mass
impurity injected with a constant velocity into a strongly interacting 1D Bose gas.
Taking advantage of the tunability of interactions offered by Cs, we prepare the
impurity with initial velocities ranging from subsonic to supersonic regimes. Ini-
tially, the impurity is non-interacting with the surrounding many-body bath. Sub-
sequently, we quench the interaction between the impurity and the many-body bath
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to the strongly interacting and repulsive regime and study the relaxation dynamics
of the system. Our main observations are twofold. First, we look at the dependence
of the relaxation time-scale on the initial velocity of the impurity as well as on the
interaction strength between the impurity and host. Our results show different re-
laxation mechanisms depending on whether the injected impurity was subsonic or
supersonic. While for the subsonic case, we find that the momentum transfer from
the impurity to the host strongly depends on the initial velocity of the impurity, for
the supersonic case, we find that the relaxation occurs within the Fermi time, the
fastest possible collective response time of the many-body system. Second, we find
that in the long-time limit the impurity never comes to a full stop, at odds with
conventional expectations of relaxation. Instead, the impurity forms a strongly cor-
related state with the quantum liquid and reaches a steady state that propagates at
a reduced velocity. For small initial momentum, this correlated state can be inter-
preted as a moving Bose polaron. However, for impurity injected with momentum
above the Fermi momentum, the polaron picture breaks down, and our experiment
qualitatively agrees with the phenomenon of quantum flutter [189].

We consider strongly interacting 1D bosons, prepared in an array of tubes formed
by a pair of retro-reflected laser beams (see Fig. 4.1a). Each of the individual 1D
systems represents atoms that interact through a local repulsive potential whose
strength is characterized by a dimensionless parameter ~ [132]. Experiments in
strong interaction regime, v > 1, demonstrate transmutation of quantum statis-
tics [17, 229, 341]: The excitation spectrum of the system becomes identical to that
of the polarized Fermi gas [342]. The time scale governing interparticle collisions
is thus determined by the Fermi time, tp = 2m/(hkZ), where kp = mnip is the
Fermi wave-vector and n;p is the 1D density. The excitations of the host gas are
referred to as the plasmons, and the impurity of mass m interacting with the gas
through a repulsive local potential of strength 7; leads to a magnon-like branch of
the excitation spectrum (see Fig. 4.1d, and Supplementary materials for detail).

4.2 Experimental procedure

We start the experiment by adiabatically loading an optically trapped, interaction-
tunable Cs BEC [234] into an array of vertically oriented 1D tubes formed by a 2D
optical lattice as illustrated in Fig. 4.1a. The atoms are initially in the magnetic
hyperfine sublevel (F,mg)=(3,3) and they are levitated against gravity by means
of a magnetic field gradient of |VB,| ~ 31.1 G/cm along the vertical direction.
With about 1.5 x 10° atoms in the initial BEC, we fill approximately 5700 tubes
with an average filling of 39 atoms per tube (see Supplementary materials). The
offset magnetic field B, is initially set to B,=20.6(1) G, at which a,=199(4) ay, see
Fig. 4.1c. With a 1D density of n;p=1.6(1)/pm, this gives v =2.5(2) in view of some
weak harmonic trapping along the tube direction with a trap frequency of 17.0(1)
Hz. The average Fermi time is tp = 166 ps. The impurity particles are created by
transferring on average one atom per tube to the sublevel (3,2) by means of a short,
20-pus radio-frequency (RF) pulse (see Supplementary materials). The atoms in
(3,3), constituting the majority fraction, now serve in each tube as the background
host gas in which the impurity atoms move about. Initially, at B, =20.6(1) G, the
impurity-host interactions are zero (see Fig. 4.1c) making the host gas transparent
for the impurity with v; =0. Immediately after their creation, the impurity particles,
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Figure 4.2: Subsonic versus supersonic dynamics. Example experimental ab-
sorption images of host (top panel, red) and impurity (bottom panel, blue) dur-
ing the relaxation process. The interaction strengths after quench are (v;,7y) =
(2.6(3),5.9(3)). The evolution time ¢ = 0 to t = 7.2 ty is indicated on the top
right hand corner of the host images. Each image is an average of 10 experimental
realizations. The vertical axis in each image is converted in momentum scale. a,
Initial impurity momentum in subsonic regime A() = 0.4 hkp. b, supersonic case
hQ = 2.3 hkp.

given their lower magnetic moment, are accelerated by 1/3 of the gravitational force.
When the impurities have reached the desired mean momentum hQ), i.e., after about
0.70 ms for () =kp, the levitation field is switched off, releasing the host gas and the
impurities into free fall inside their respective 1D tubes. Simultaneously, within 50
us, the impurity-host interaction strength -; is set to the desired value, in the range
of 0 to 20 with a precision of 2. The system is subsequently evolved for times ¢t up to
12 ty. Note that these times are much shorter than the time scale associated with
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the longitudinal harmonic trapping. The host and the impurity particles are finally
imaged simultaneously after release into 3D and 20-ms levitated time-of-flight (tof).
For a faithful measurement of the impurities’ momentum distribution the impurity-
host interactions v; are switched back to zero. The presence of the levitation field
during tof separates the host and the impurity particles.

4.3 Supersonic vs. subsonic impurity

Typical absorption images of the relaxation process are shown in Fig. 4.2 for
the case of ) < kp and () > kp. For the former, both the impurity and host
distributions remain singly peaked and broaden throughout the evolution. In
contrast, for () > kg, two distinct momentum peaks emerge in both distributions
within ¢g. For the impurity this second distribution appears near () = 0, while for
the host it emerges around ) ~ 2.3 krp. Moreover, we find that the particle numbers
in these distributions are equal. Surprisingly this relaxation dynamics occurs within
the first few collisions, at a timescale of tp. Within ¢ = 2tp 90% of the impurities
are transferred to the second peak. We attribute the impurities remaining at 2.3
kg to a finite size effect. Consistent with the phenomena of quantum flutter [189],
this suggests that upon collision between the impurity and the host, a wave packet
is emitted from the host, carrying away most of the momentum Q).

We now turn to a more detailed evolution of the impurity momentum distribution
for fixed strong interactions 7; =11.0(7) and y=18.5(12). Experimental results are
shown in Fig. 4.3 for three selected values of ) that exemplify the subsonic, the
supersonic, and the intermediate case. For each case the distribution broadens and
relaxes as population is transferred to lower momenta within the first Brillouin zone.
Specifically, for the subsonic case with @ = 0.20(1) kg the distribution develops a
shoulder on the low-momentum side. The rms width increases by a factor of 2.4(1).
While the mean momentum changes to 0.09(2) hkg, the most probable momentum
remains near 0.20(1) Akg. In the intermediate regime, with Q =0.80(4) kg, the initial
narrow distribution relaxes to a comparatively broad distribution with a mean at
0.06(2) hkp and an rms width of 1.5(1) hkp. Yet, the initial and the final distributions
partially overlap. This is different for the supersonic case  =1.10(6) kr. Here the
initial and the final distributions are clearly separate, with a transient doubly-peaked
distribution around ¢ =tr. Subsequently, the population in the initial peak nearly
fully goes to zero on the timescale of tp. The rms width of the final distribution
within the Brillouin zone is 1.2(1) kg.

Our experimental findings are qualitatively supported by numerical simulations
based on matrix product states. These simulations model a single 1D system gov-
erned by the many-body Hamiltonian

2 N

H= F[LL(QUD, {z.}) + % + g Z 3(zn — 2). (4.1)

n=1

where Hiy, represents the Lieb-Liniger Hamiltonian, which describes a gas of N
bosons with coordinates z,, interacting via repulsive contact interactions of strength
gip = R*ynip /m. The second term corresponds the kinetic energy of the impu-
rity, with momentum Pj, while the last terms describe the interaction between
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Figure 4.3: Time evolution of the impurity momentum distribution n(k).
a, b, c, Experimental n(k) for (v;,7v) = (11.0(7),18.5(12)) and selected values of
the initial impurity momentum hA() as indicated for times up to ¢t = 7 tg in time
steps of 0.6 tp. d, e, f, Numerical results as discussed in the text. g, i, j, Selected
experimental distributions for some specific evolution times from t=0 to t=5.4 tg
as indicated. Each experimental data is the average of 10 realizations.

the impurity and the host particles, where the interaction strength is given by
gi = h*vy;nip/m. At t = 0 the impurity is introduced into the host gas as a plane
wave with well-defined momentum (). Similar to the experiment the ~;, and ~,
are quenched from 0 to 11.0, and 2.5 to 18.5, respectively after the creation of the
impurity. The subsequent time evolution of the impurity momentum distribution
(see Fig. 4.3d to f) agrees well with the experimental data (see Fig. 4.3a to c).
However, we do observe minor quantitative differences. Specifically, for large ). In
the experiment, a systematically larger fraction of n(k) propagates freely through
the host gas compared to the theoretical predictions. We attribute this deviation
to contributions from outer tubes containing only a few particles. At large @), im-
purities are accelerated out of these shorter tubes before host-impurity interactions
are quenched on. The distribution of tube lengths has the further consequence that
in the experiment since there is not a single kp for the entire system, but rather
a distribution. The defined Brillouin zone thus varies across the sample. One fur-
ther noteworthy difference between the experiment and the simulations lies in the
injection protocol of the impurity. While in the experiment the impurity is created
out of the host via the aforementioned RF pulse, in the simulations, the impurity is
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Figure 4.4: Momentum-dependent impurity relaxation. a, Decay of initial
momentum occupation ng as a function of initial impurity momenta A() for v; =11.0.
From slowest to fastest decay Q = 0.2,0.4,0.6,0.9,1.0,1.1, 1.4 kg, respectively. Each
data point represents 10 repetitions. The solid curves correspond to exponential fits.
b, Time constant extracted from the exponential fits in a, as a function of initial
momentum. The solid curve is a a/Q + ¢ fit of the 7; = 11.0 dataset and serves as
a guide to the eye. The error corresponds to the standard fitting error.

injected into the sample as a plane wave.

In both experiment and simulations, the relaxed momentum distribution for
Q) < kg is asymmetric, while for any ) > kg it becomes symmetric about ) = 0.
The momentum distribution of the impurity in the finite-momentum ground state
of the system also shows an asymmetric distribution for 0 < @ < kr. At Q) = kp the
momentum distribution is that of a system of free fermions, i.e., again symmetric.
This behavior can be understood by looking at the impurity evolution as a series of
collision events. The impurity transfers its momentum to the host system through
density wave excitations until it reaches a minimal energy state. This minimal energy
state is the magnon state indicated in Fig. 4.1d . The emergence of a steady state
signals the formation of a polaron state. For () < kg, the momentum distribution of
the impurity in polaron state is always asymmetric. This is reflected in our relaxed
momentum distribution. However, for any ) > kr the impurity favorably decays to
a magnon state close to () = kr where the density of states is the largest.

4.4 Relaxation timescales

Evidently, relaxation happens quicker for higher initial (). To quantify this, we
track the evolution of the momentum population ng = n(k = Q) at the location
@ of the peak of the initial distribution, averaged over +0.1 kp around @ (see
Fig. 4.3g to j). The results are shown in Fig. 4.4a for varying (). A clear trend can
be seen: for higher () the initial peak is depleted more quickly. Exponential fits to
the data provide time constants 7 for varying () as presented in Fig. 4.4b. Around
(Q=kr the relaxation time scale settles to values near tp.
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Figure 4.5: Final impurity momentum after relaxation. The mean steady
state momenta of the impurity hQ); as a function of its initial momenta hQ), for
different values interaction strengths ;. Pink, red, purple and blue correspond to
v = 0,2.1,4.1,6.2, respectively. Each data point is an average of 10 repetitions
except for the non-interacting case (v; = 0) corresponding to 3 repetitions. The
error is the standard error. The solid curve corresponds to the predicted momenta
of a non-interacting particle.

4.5 Steady-state momentum

We now examine the steady-state momentum of the impurity in the long-time limit,
denoted as h();. To determine hQ)¢, we calculate the mean momentum within a region
of 1.5 hkp centered around k = 0 of the impurity momentum distribution, after
the impurity has been evolved for ¢ = 10 tg. Figure 4.5 presents () as a function
of the initial impurity wavevector () for four different interaction strengths: ~; =
0,2.1,4.1,6.2. In the non-interacting limit, our results agree well with the expected
momentum evolution of a freely falling impurity. For finite interactions (v; # 0),
we observe that ()¢ initially increases before saturating at a finite asymptotic value.
At strong coupling (v; large), Qr reaches a plateau for initial momenta ¢ > 0.2 kg.
As the interaction strength decreases, this plateau shifts to higher values of (). The
average impurity velocity in this plateau increases with weaker coupling. The end
velocity has a dependence on the initial velocity of the impurity, signaling that the
system does not thermalize but rather forms a steady state.

The finite terminal velocity can be understood as a consequence of polaron for-
mation, where the cosine-shaped excitation spectrum determines the asymptotic
velocity through its derivative

ek
VT Tk

(4.2)
k=Q

where, €, is the energy of the magnon relative to the zero-momentum ground state
energy. These observations align with the magnon spectrum picture: while impuri-
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ties with small initial momentum @) eventually relax to low-momentum states, those
with @) > kg relax to momenta near kp. Increasing 7; pushes the magnon branch
toward zero energy, which manifests as the reduced saturated values of ()¢ observed
at strong coupling. Furthermore, the extended rise before plateau at weaker cou-
pling suggests a magnon spectrum with enhanced curvature. It is important to note
that the finite end velocity is not merely an artifact of integrability, but goes beyond
integrable systems. For an impurity with a different mass to the host, for example,
the finite steady state velocity is expected to persist. In the limit of infinite impurity
mass its behavior can be described by Landau’s criteria for superfluidity.

4.6 Conclusion

In conclusion, we show how a microscopic impurity can propagate through a strongly
interacting Bose gas without any friction at odds to Landau’s paradigm. Our find-
ings demonstrate the emergence of long-lived entangled quasiparticle states and
provide key insights into transport and coherence in low-dimensional quantum flu-
ids. Quantum entanglement between microscopic impurity and strongly correlated
host gas can give rise to new physics that goes beyond the hydrodynamic picture of
relaxation.
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4.7 Supplemenatary materials

4.7.1 Superfluidity theory: how Landau criterion interplays
with dimensionality of the system and finite impurity
mass

In this Section, we elaborate how possible outcome of collision of an impurity with
the surrounding gas is determined by kinematic (that is, stemming from energy and
momentum conservation laws) restriction. They come from an interplay of quantum
statistics and interaction effects constrained by the 1D geometry of our problem.
We illustrate in Fig. 4.6 an excitation spectrum of indistinguishable quantum
particles constrained to one spatial dimension. Several crucial features remain in this
picture regardless of particle statistics and the strength of interparticle repulsion [58].
The first is the presence of the exact nonzero lower bound (or edge), emin(k), of the
particle-hole continuum, shown by a solid curve in Fig. 4.6, as well as in Fig. 4.1 of
the main text. Recall that momentum p is related to wave number k£ by equation
p = hk, where h is Planck’s constant. All possible excitations of the quantum gas
stay above this curve. The second is the fact that the edge energy at zero momentum
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Figure 4.6: Possible excitation energy of a 1D gas as a function of its total
momentum. The shaded area shows where excitations are possible. Dashed black
line shows exact lower bound (edge) of this excitation spectrum.

has the same value as at £ = 2kp, independent of the interaction strength and
quantum statistics of the constituent particles (this is referred to as the Luttinger
theorem). Here, kr is the Fermi momentum, defined through the density p of the
gas as krp = mp. The third is the 2kp-periodicity of the edge (in the infinite system).
This periodicity is the reason for the frequent usage of the term “first Brillouin zone”
for the interval 0 < k < 2kp even in continuous quantum 1D systems. The fourth
is a particular shape of the edge near k£ = 0: it has a linear slope.

Emin (k) = Ik, k— 0. (4.3)

The low energy and momentum excitations in such a system are, therefore, sound
waves whose velocity is
B 8Emin(k‘)

vE o L

Because these excitations propagate through the system by causing the density
fluctuations (or charge fluctuations in the case of charged particles), they are often
referred to as plasmons in the literature.

Next, we present in brief the arguments why the 1D system, having the excitation
spectrum shown in Fig. 4.6, cannot be superfluid. Let us briefly recall the Landau
criterion of superfluidity. Assume that the liquid moves through a pipe with velocity
v uniformly and steadily at a given time moment. Landau argues that a change
in the macroscopic state (velocity v in our case) is caused by the emergence of
elementary excitations in the liquid (however, a single elementary excitation causes
only infinitesimal change in the macroscopic state). Consider a single excitation
with momentum p and energy £(p) emerging in the reference frame of the liquid

(4.4)
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Figure 4.7: Emergence of the magnon spectrum due to impurity-gas inter-
action. Left panel: free impurity travels through 1D gas. Particle-hole excitations
of the 1D gas lie in the shaded area, above dashed black line. The dispersion of the
free impurity, given by Eq. (4.9), is shown by solid blue line. Right panel: Impurity
interacts (repulsively) with 1D gas.

(that is, where the liquid is initially at rest). Then, ideally, all the energy and
momentum of this excitation are converted into the kinetic energy of the liquid,
FEy = P?/(2M) = ¢(p), and the momentum Py = p, respectively. Here, M in the
mass of the liquid and p is the length of the vector p. Now, let us turn to the
laboratory frame. There, the momentum of the liquid is

Plab = P(] + MV, (45)
and the energy is
(P + Mv)? Muv?
Bop=——"—" = , 4.
lab Wi e+ pv+ 5 (4.6)

The term € 4+ pv in E),y, is due to the assumption that a kinetic energy is converted
into an elementary excitation energy. Elementary excitations can only emerge if

e+pv <0, (4.7)

because the kinetic energy of the liquid cannot increase while this liquid flows
through the steady pipe. Given p, the minimum v to satisfy the inequality (4.7) is
reached when p and v are antiparallel, ¢ — pv < 0, that is,

£(p)

v > 2P Landau criterion (4.8)
p

at least for some value of p. The inequality (4.8) is Landau criterion of superfluidity.
If inequality (4.8) is satisfied for some value of p, energy and momentum conservation
do not prohibit the emergence of excitations with dispersion €(p) at the expense of
kinetic energy, and the liquid is not superfluid. This is evidently the case for 1D
systems, whose excitation spectrum, illustrated in Fig. 4.6, contains excitations with
a momentum of about 2k and arbitrarily low energy.
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Non-superfluid means for a 1D quantum gas to dissipate energy and momentum
upon collision with macroscopic obstacles. The motion of the microscopic impurity
through this gas can be dissipationless. This is what we confirmed experimentally
in our work, and here we give some theory details not included in the main text.
The energy of the free impurity of mass m is related to its momentum p by the law
of classical mechanics:

2
p
Eimp = % (49)

This dispersion law is shown on top of the energy spectrum of the 1D gas of particles
of mass m in Fig. 4.7(a), as well as in Fig. 4.1 of the main text. The impurity dis-
persion lies below the edge of the excitation spectrum of the 1D gas at a sufficiently
small k, because the former is quadratic, Eq. (4.9), and the latter is linear around
k =0, Eq. (4.3). The excitation spectrum of a system containing an impurity that
interacts with the 1D gas is shown in Fig. 4.7(b). Notably, the edge of the spectrum
has the same functional form at low energy and momentum as given by Eq. (4.9):

(4.10)

Eool = ——.
PO om,

This shape of the edge represents a polaron particle, which is the impurity “dressed”
by particle-hole excitations in the gas (the polaron mass m, is normally greater
than the bare impurity mass m due to this dressing). The very existence of the 1D
polaron ensures the possibility of dissipationless motion of the impurity through the
1D gas at equilibrium. Indeed, the polaron state (which encompasses the moving
impurity) has a lower energy than any phonon state (which encompasses the gas
particles without the impurity) at a small but non-zero momentum. Hence, a finite
mass impurity may have a nonzero velocity in the steady state of a 1D interacting
quantum system. We stress that this result is valid regardless of the details of the
interaction potential in the gas and between the gas and the impurity particle.
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Figure 4.8:  Wavepacket emission in the host momentum distribution.
Change of momentum distribution of host ng(k) — ng—o(k) as a function of @) after
a fixed evolution time. a, Full evolution. b, Distribution for selected values of ().
Corresponding values of () are indicated on the right-hand legend. Each distribution
is the mean of ten repeats.



114 CHAPTER 4. PUBLICATION III

4.7.2 Momentum distribution of host

In Fig. 4.8 we show the change of the momentum distribution of the host as a
function of @ for v = 3. We find that for ) ~ kr an ejected wavepacket develops
which carries away most of the initial momenta of the impurity. Since for v = 3
the speed of sound of the medium is approximately 0.4 hkg/m, this suggests that
the saturation behavior observed in Fig. 4.4 is a consequence of the large density of
states in the excitation spectrum around the kg. In the ground state the impurity
momentum distribution is symmetric at kg and thus has a mean momenta of zero. If
the impurity decays to the finite momentum ground state around kg it must therefore
transfer all of its momenta to the host, leading to an ejected host wavepacket that
carries most of the momentum.

4.7.3 Interaction dependence

In the main text the discussion focuses on the strongly interacting case with ~; =
11(7) > 1 for which the bosons are expected to be fully fermionized. We now turn
to the intermediate regime as the interactions are tuned in the range 1 < ~; < 10. In
Fig. 4.9 we show experimental results for the relaxation dynamics for five different
interaction strengths (y; = 1.7,2.9,4.1,6.6, and 9.1) and for @ = 0.2,0.6 and 1.1 kp.
We find that the behavior of the relaxation timescales with respect to «; is similar
for different @Q): the relaxation time decreases for increasing +;, saturating to the
values shown in Fig. 4.4 for high ;. For small @), the relaxation time is longer.

4.7.4 Preparation of 1D tubes

The experiment starts with a 3D interaction-tunable BEC consisting of approx-
imately 1.5 x 10> Cs atoms in the absolute ground state (F,mg) = (3,3), con-
fined in a crossed-beam dipole trap. The dipole traps have trapping frequencies
of (wy,wy,w,)/2m = (5.7(1),11.8(1),10.3(1)) Hz giving a Thomas Fermi radii of
(21.4(2),16.0(1),16.9(1)) pm. The sample is adiabatically loaded into an array
of 1D tubes created by a 2D optical lattice. The laser beams forming the lattice
propagate in the horizontal x-y plane at right angle to each other, and their power
is ramped up in 500 ms to give a lattice depth of 30E,, where E, = w2h?/2md? is the

Figure 4.9: Evolution of ng for different interaction strengths. a, b, c, ng
as a function of time for @) = 0.2, 0.6, and 1.1 kg respectively. For each @), the decay
of ng is measured for v; = 1.7, 2.9, 4.1, 6.6, and 9.1, as indicated. The solid curves
are exponential fits of the data. Each data point represents 5 to 10 repetitions.



4.8. EXPERIMENTAL SYSTEM PARAMETERS 115

recoil energy. Here, d=\/2=532.5 nm is the lattice spacing set by the wavelength A
of the lattice light. At this depth, tunneling between the tubes are fully suppressed,
and the tubes can be considered as independent. Due to the underlying dipole trap
during the lattice loading, the resulting array of tubes have a distribution of num-
ber of atoms. We have on average 39 atoms per tube. Additionally, the Gaussian
profile of the lattice beams results in weak harmonic trapping with trap frequency
w,/2m = 17.0(1) Hz along the tubes’ direction.

4.8 Experimental system parameters

In our experiment we control interactions in the host gas via the scattering length
as. This in turn sets the 1D coupling constant gip [17, 132],

gip = 2hw, a, (1 - 1.0326&) (4.11)
a|

where a; = \/h/mw, is the radial oscillator length. Similarly the scattering length
for collisions between impurity and host atoms a’ sets the coupling constant g;.
In order to determine the dimensionless interaction strengths v and ~; we further
require the density of the host gas n;p and hence the atom number NV, for the tube
(7,7). Assuming that the interactions are sufficiently small during the adiabatic
loading of the lattice, such that all of the tubes are in the Thomas-Fermi regime the
atom number N ;, for the tube can be computed iteratively from the global chemical
potential. For further detail see [252]. We then calculate the average number of
atoms per tube N = ﬁot Ej,k N]%k, where Ny, = Zj,k Nj i, is the total number of
atoms. The 1D density distribution n(z) depends on the interaction regime in which
the gas is in. Here, we calculate n(z) by exactly solving the Lieb-Liniger model with
local density approximation (LDA) [59, 343]. We then calculate the average 1D
density nip = % f n(z)?dz. The average interaction strengths are calculated as,

_ mgip i = mgi
= ;=
77,2711]) ’ ﬁ2n1D

(4.12)

4.8.1 Impurity creation via RF transfer

The vertical magnetic gradient field VB gives rise to a position dependent resonance
for transfer of the host atoms to the (3,2) state. The creation of the impurity can
thus be made spatially selective along the tube. A 20 us RF pulse is used to create
the impurity. From the length of the RF pulse we estimate the spread of the impurity
wavepacket to be o, ~6.5 um. This corresponds to o ~0.05 kg in momentum space.
Note that the measured width of the impurity in momentum space at ¢t = 0 ¢y in
Fig. 4.2 in the main text is ~ 0.3kp, which reflects the coherence length of the host
gas.
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Bose-Einstein condensates of ultracold atoms serve as low-entropy sources for a
multitude of quantum-science applications, ranging from quantum simulation and
quantum many-body physics to proof-of-principle experiments in quantum metrol-
ogy and quantum computing. For stability reasons, in the majority of cases the en-
ergetically lowest-lying atomic spin state is used. Here we report the Bose-Einstein
condensation of caesium atoms in the Zeeman-excited m ;=2 state, realizing a non-
ground-state Bose-Einstein condensate with tunable interactions and tunable loss.
We identify two regions of magnetic field in which the two-body relaxation rate is
low enough that condensation is possible. We characterize the phase transition and
quantify the loss processes, finding unusually high three-body losses in one of the two
regions. Our results open up new possibilities for the mixing of quantum-degenerate
gases, for polaron and impurity physics, and in particular for the study of impurity
transport in strongly correlated one-dimensional quantum wires.

5.1 Introduction

Ultracold atomic gases have proven to be a fruitful testbed for few- and many-body
quantum physics, in part due to their high degree of controllability [12]. A very
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powerful tool for the ultracold-atom platform is the ability to tune the interactions
between the atoms via Feshbach resonances [88]. One atomic element that has been
very successful in this regard is Cs [114, 344]. The hyperfine ground state of Cs is
enriched by an abundance of broad and narrow Feshbach resonances, and interaction
tuning has been instrumental to a diverse series of seminal results on a wide range
of topics. These include Bose-Einstein condensation (BEC) [114], Efimov physics
[104, 115], ultracold molecules [116-118], strongly correlated one-dimensional (1D)
physics [14, 17, 45], long-range tunneling dynamics [120] and density-induced tun-
neling [345], scale invariance [346], matter-wave jets [121], and, recently, cooling by
dimensional reduction [347] and the 1D-2D crossover [250]. These results have all
been obtained by making use of one particular hyperfine Zeeman sublevel of Cs, the
state (f =3, my=3), which is the energetically lowest-lying Zeeman state.

BEC of atoms in excited states offers additional possibilities. Such condensates
have been produced with excited Zeeman states, metastable electronic states and
atoms in higher bands of optical lattices. They have been used to create spinor
quantum gases [348], to observe quantum droplet states [349] and to study uncon-
ventional superfluidity in excited lattice orbitals [350]. Early attempts to condense
Cs in excited Zeeman sublevels were hindered by uncontrolled losses [109-113]. Later
experiments using the sublevel (3, 3) benefited from the absence of inelastic two-body
processes, but care was needed to avoid detrimental three-body collisions [104, 105,
114].

Here we report the achievement of a tunable Cs BEC in a state other than the
absolute ground state, namely in the Zeeman-excited state (f = 3,m; =2). We
identify one particular window around a magnetic field of B ~ 160 G in which
two- and three-body processes are sufficiently suppressed that pure condensates can
reliably be produced with 3 x 10* atoms. In a second window around B =~ 40 G
partial condensation is possible. We find surprisingly high three-body losses in this
window, most likely due the opening up of a new decay channel. Our work is
guided by state-of-the-art coupled-channel calculations to determine the two-body
scattering properties.

The attainment of BEC requires that the ratio of good to bad collisions is suf-
ficiently high while effective one-body processes such as background-gas collisions
and inelastic light scattering are negligible. Elastic collisions are needed to drive
the evaporation and thermalization process, while two-body inelastic collisions and
three-body recombination reduce the cooling efficiency, possibly to the point that
BEC cannot be reached. With peak number densities in the range between 1x 10
and 1x10' atoms/cm? during the cooling process, this translates into concrete val-
ues for the s-wave scattering length and into acceptable upper bounds for the two-
and three-body loss-rate coefficients.

We have carried out coupled-channel calculations of the two-body scattering
properties as a function of magnetic field, as described in Ref. [108]. The calcula-
tions use the interaction potential of Ref. [351] and a basis set including partial-wave
quantum numbers L up to 4. For collisions involving excited-state atoms, the scat-
tering length is complex, a = a—if, and the 2-body loss-rate coefficient at limitingly
low energy is ky = (4dgwh/p)5, where i is the reduced mass and ¢ is 1 (2) for distin-
guishable (indistinguishable) particles. Figure 5.1 shows the real parts of the s-wave
scattering lengths @y, m,, for the three possible combinations of atoms initially in
mys=3 and my=2, and the corresponding rate coefficients ks for two-body inelastic
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Fig. 5.1: Two-body scattering properties of the Cs states of interest from
coupled-channel calculations. a, The real parts of the scattering lengths as 3
(grey), as o (black), and aqo (green) and b, the two-body loss-rate coefficients ko for
collisions of (3,3) with (3,2) (black) and (3,2) with (3,2) (green) as a function of
the magnetic field B. The regions of interest for this work are indicated by the grey
shadings.

loss (which cannot occur for two atoms with my =3). As is well known, the Cs
scattering lengths are strikingly field-dependent, featuring overlapping broad and
narrow Feshbach resonances. The state (3,3) features a comparatively gentle zero
crossing near 17 G, and BEC in this state has been achieved in a narrow window
around 21 G [114]. The state (3,2) exhibits a broad s-wave resonance centred at 102
G and two gentle zero crossings near 35 G and 148 G. Its magnetic-field dependence
is scarred by a multitude of narrow d-wave (L =4) and g-wave (L = 6) Feshbach
resonances. In fact, the zero crossing near 148 G is split in two by a narrow d-wave
resonance. The two-body loss-rate coefficient ks is strictly zero for the state (3,3).
This is not so for the state (3,2), but even here spin-exchange collisions, which
conserve my¢y + My, are energetically forbidden at low energies. The two-body loss
rates in Fig. 1 are due entirely to spin-relaxation collisions, driven by the magnetic
dipole-dipole interaction and second-order spin-orbit coupling [108, 352], and there
are windows near 40 G and 160 G where the values for (3,2)+(3,2) are small or even
negligible. It is these windows on which we will concentrate in this work.
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5.2 BEC of Cs in the state (3,2).

The procedure used to achieve a condensate in the state (3,2) makes use of some of
the tricks that have previously been used to create a BEC in the ground state (3, 3)
[344]. We start by loading about 2.5x 10® atoms into a six-beam magneto-optical
trap (MOT) within 4 s from a Zeeman-slowed atomic beam. Subsequent Raman-
sideband cooling in the presence of a near-detuned optical lattice for a duration
of 6.9 ms brings the atoms to temperatures below 1 K and spin-polarizes them
into the state (3,3). The sample, now with about 5x 107 atoms, is loaded into a
large-volume “reservoir” dipole trap by gradually switching off the lattice light as a
levitating magnetic quadrupole field of 31.1 G/cm is turned on while the magnetic
field B is ramped to B = 160.3 G, at which ag3 = 1500ay. The stability of the
magnetic field is approximately 30 mG. The trap is generated by two horizontally
propagating laser beams at 1064.5 nm, intersecting at nearly a right angle. The
sample is held for 500 ms to allow plain evaporation at a trap depth of about 2.6(2)
uKxkg. We now have about 6.5x10% atoms. To transfer the atoms into the state
(3,2) we use a radio-frequency sweep across a range from 54.6 to 54.2 MHz with
a duration of 1.45 ms. The levitating field is increased during the sweep to 46.65
G/cm to levitate the atoms in the state (3,2). The state-transfer efficiency that
we can obtain is about 75 %. We attribute this to the motional excitation of the
atoms as they see changing forces, leading to some heating and hence loss in the
finite-depth optical trap. We now have about 4.9 x 10° atoms at a temperature of
around 1 pK with a peak density of 8.2(1)x10'” atoms/cm?®. We estimate the peak
elastic collision rate to be 2.8/s, with ag =274 ag at B=160.3 G. The geometrically
averaged trap frequency is 7=28.1(5) Hz.

Next, as the final step towards BEC in (3,2), the sample is loaded into a tighter
“dimple” trap generated by two orthogonally intersecting 1064.5-nm laser beams
with estimated 1/e?-waist sizes of 40 and 150 um, respectively, one propagating
horizontally along the same axis as one of the reservoir beams, and the other prop-
agating vertically. The loading process is completed after 1.5 s, and we then carry
out forced evaporative cooling for 6.0 s by lowering the power of both dimple-trap
beams in an approximately exponential manner. At the beginning of the evapora-
tion process, the scattering length is tuned to a2 =255 ag, by ramping the offset
field to B=159.1 G. At this value, a minimum for the loss is found, similar to the
Efimov minimum for the state (3,3) [104]; it is crucial to utilize this minimum for
optimal performance of the cooling process. The phase transition to a BEC occurs
at a critical temperature of about 82(1) nK with 9.5x10% atoms after approximately
3 s of forced evaporation. Absorption images and horizontally integrated density
profiles across the transition are shown in Fig. 5.2 a. The evolution via a charac-
teristic bimodal distribution can clearly be seen. The images are taken after 46 ms
of time-of-flight (TOF) with nulled interactions upon release [114] by means of the
zero crossing in ag o near 148 G, due to a Feshbach resonance near 102 G. At the
end of the evaporation ramp, we obtain an essentially pure BEC with approximately
3.0 x 10* atoms. The condensate fraction is above 90 %. At this point, the dimple
trap has trapping frequencies (v,,vy,v,) = (4.2(3),6.5(2),4.9(1)) Hz, with a trap
depth of V' =8.0(2) nKxkg. The peak density in the Thomas-Fermi (TF) regime
is estimated to be 3.6(1) x 10'? atoms/cm?, and the TF radii are calculated to be
(R, Ry, R.)=(18.5(2),15.5(1),17.4(1)) pm. The BEC is comparatively stable, with
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Fig. 5.2: Formation of a BEC in (3,2) at 160. Absorption images at 160 G (left
column), and the resulting horizontally integrated density profiles (right column),
for different times during the evaporation ramp as indicated. The images are taken
after release from the trap and subsequent 46 ms of TOF with nulled interactions.
Each image is an average of five realizations. Bimodal fits to the normalized density
profiles give the temperatures as indicated. The final BEC contains about 3.0x 10%
atoms.
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Fig. 5.3: Formation of partial BEC at 40 G., Absorption image of the partial
BEC at 40 G (left), and, normalized vertical density profile (right) fitted with a
bimodal distribution, after a TOF of 96 ms. The sample has an atom number of
N = 7x10% with a BEC fraction of approximately 30 %. These measurements are the
averages of four repetitions. We attribute the slight asymmetry that can be observed
in the integrated z-profile to spilling of atoms into the vertically propagating dipole-
trap beam.
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an atom-number 1/e-lifetime of around 30 s, most likely limited by slightly imper-
fect vacuum conditions and residual trap-light scattering. Overall, the BEC in (3, 2)
performs nearly as well as the BEC in (3,3). The cycle time for creating the BEC
is 20 s.

We now turn to the window near 40 G. We have not been able to create a BEC
in this window by means of the sequence outlined above, with the difference that the
magnetic offset field B is ramped to this window at the beginning of the reservoir-
trap stage; this is due to the losses discussed below. However, we are partially
successful by implementing the lattice trick: The BEC in state (3,2), created by
the sequence above, is adiabatically loaded into a 3D optical lattice at 1064.5 nm
with a depth of 25 E;, where F; is the photon-recoil energy. The lattice is the same
as in some of our previous works; see Ref. [14, 45]. By adjusting the confinement
via the dimple-trap beams we create a Mott insulator with predominant single-site
occupancy. The lattice shields the atoms from collisions as the bias field is ramped
from 160 G to a value near 40 G in 0.5 ms. Atom loss and sample heating are found
to be negligible during the ramp, but they immediately set in when the lattice is
unloaded and the atoms are released into the 3D dimple trap. Nevertheless, further
evaporative cooling yields BECs of around 7.0x10% atoms with condensate fractions
of up to 30%, as seen in Fig. 5.2 b. The lattice trick can be similarly implemented
to transfer a BEC in the state (3, 3) to the state (3,2) at 40 G directly, but without
improving the BEC fraction.

5.3 Exploring the zero crossing around 148 G.

With a BEC in (3,2) at hand we now explore the magnetic tunability of the state
(3,2). We focus on the zero crossing of as » around B =148 G, which is caused by the
broad resonance at 102 G. This zero crossing is of particular interest, not just because
of its shallow nature, but also because of the existence of a narrow resonance in its
close vicinity. This resonance is decayed, so does not produce a pole in the scattering
length [353]; instead, it produces a sharp oscillation in the scattering length and an
asymmetric peak in the two-body loss rate centred at B,.s = 147.44 G, as shown
in Fig. 5.4. It thus gives rise to two zero crossings. We have characterised this
resonance from coupled-channel calculations using the methods of Ref. [354], and
obtain amplitude a,e = 5.8 X 10° ag and strength ang A =54 G ayp; see Supplementary
Note 5.7.1 for further details. This setting provides an ideal playground to quench a
non-interacting system into a highly interacting one in a fast but controlled manner.

For the measurements we start with pure BEC in (3,2) at B=160.3 G with a
calculated scattering length ag o =274 ag. We switch off the optical trap to initiate
TOF while keeping the levitating field on. Within 0.2 ms B is ramped to the target
value, where we allow the sample to expand for another 110 ms. All magnetic
fields are switched off and 6 ms later an absorption image is taken, from which we
determine the number of remaining atoms N and the cloud width o, of the atomic
sample along the vertical direction z. The results are shown in Fig. 5.4. Both data
sets show sharp features due to Feshbach resonances, on top of a varying background.
Significant atom loss happens for values of B below about 146 G and in the vicinity
of the resonances; the resonant loss peaks are centred at 147.62(3) G and 154.13(1)
G.
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Fig. 5.4: Exploring the vicinity of the zero crossing near 148 G with the
BEC in (3,2). a, Number of atoms N (circles) and b, the Gaussian cloud width
o, (circles) of the BEC after TOF for different values of the magnetic field B. The
experimental results in a, and b, are overlayed by the calculated two-body loss-rate
coefficient ko (on a log scale) and scattering length as, respectively (green lines).
Each data point is the average of at least three measurements and the error bars
give the standard error.

The d-wave resonance causes two zero crossings in the calculated scattering
length, at 145.5 and 148.6 G. The BEC shows the highest stability when the value
of a2 is non-zero and positive, as expected from mean-field theory. However, for
negative values of as o mean-field theory predicts a collapsing BEC. In fact, below
the zero crossing at 145.5 G, as B is lowered and ay » becomes more negative, we ob-
serve more loss and increased sample widths. The presence of the two zero crossings
is reflected in two minima in the cloud widths at 144.9(1) G and 148.1(1) G. These
are at slightly lower fields than the zero crossings, i.e. at slightly negative scattering
lengths. Evidently, slightly attractive interactions lead to reduced widths in expan-
sion. This we attribute to the fact that the atom clouds contract for small attractive
interactions, but do not fully collapse. The increased loss close to the resonances is
caused by a combination of resonantly enhanced two-body and resonantly enhanced
three-body losses. To sort out which of these dominates near the resonances would
need a separate investigation.

Fitting the two resonant loss features with simple Gaussians gives resonance
positions at 147.62(3) G and 154.13(1) G. These values are in good agreement with
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the predictions. Further, more narrow resonant features, which do not appear in
Fig. 5.4 because of the finite resolution of the scan over B, are discussed in the
Supplementary Note 5.7.2.

5.4 Measurement of loss-coefficients.

The usability of a BEC in (3,2) in future experiments is in part determined by the
extent to which the BEC is compromised by losses. We therefore investigate the
loss dynamics of ultracold non-condensed samples of atoms in (3,2) for different
values of as 5 in the regions around both 160 G and 40 G. Atoms in the state (3,2)
are exposed to both two-body and three-body decay channels. Two local minima
in ko are predicted around 40 G and 160 G, as seen in Fig. 5.1. The value for the
minimum at 160 G is calculated to be nearly two orders of magnitude lower than
that for the minimum near 40 G. A distinct difference in the inelastic scattering
behavior around 40 G and 160 G is clearly reflected by the fact that a pure BEC
can be achieved at 160 G, but not near 40 G. For three-body recombination there
are no precise predictions for these regions. Our lifetime measurements as discussed
in this section provide an experimental estimate for both the two- and three-body
coefficients in these regions.

We first focus on the region around 160 G. On the way to condensation we
stop the evaporation process and create non-condensed samples in the state (3,2)
in the crossed dimple trap at a depth of approximately 3.1 uK. At this stage the
samples have a temperature of 500 nK. For loss measurements away from the ”sweet
spot” with B =159.1 G and ag2 = 274 a¢ discussed above, we further use "tilt”
cooling [355] to decrease the temperature of the sample to around 150 nK without
significantly affecting the trap curvature. Tilting the trap back gives such a deep
trap that evaporative losses are minimized during the loss measurements, increasing
our sensitivity for a potential measurement of ko. With trapping frequencies of
(U, vy, v;) =(111.0(19), 118.1(38),40.3(6)) Hz, we get an initial peak density of the
cloud in the range of 1.2 — 1.6 x 10** cm™ for typically 5x 10% atoms. We ensure
that the sample remains above the BEC phase-transition temperature in order to
simplify the modelling of our measurements. In the experiment, we hold the sample
for a variable hold time ¢ and then determine atom number and temperature. The
results are presented in Fig. 5.5 a) and b) for hold times up to 2 s and for 4 different
values of B from 151.1 to 177.7 G. Particle loss and sample heating are evident. For
comparison, we add a data set that is taken at the sweet spot (B =159.1 G and
as2 =274 ap) without using the tilt method, but just by stopping the evaporation
sequence shortly before condensation. Here, some loss can be seen, but no heating.
The loss is most likely evaporative loss, and possible heating is balanced by plain
evaporative cooling, given the rather shallow trap. For the other data sets, there
is an obvious trend that larger values of ags result in faster loss and more rapid
temperature increase. However, we find fast loss also for lower values of aso away
from the sweet spot, as can be seen from the data set with 88 a,.

To model the loss, we assume that the samples remain in thermal equilibrium
throughout the whole process. The number N of remaining atoms evolves according
to the rate of change of the density, n(r,t) = — 3. kin(r,t)’, where i = 1, 2, and
3 denote the one-, two-, and three-body loss processes, respectively, with k; the
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Fig. 5.5: Atom-loss and temperature measurements for non-condensed samples in state (3,2). a, (and c,) Normalized number
of remaining atoms N and b, (and d,) temperature 7" for varying hold time ¢ in the region around 160 G (40 G). For a, and b, the
scattering length as 5 is set to 88 ag (circles), 274 ay (squares), 379 ay (diamonds), 452 ag (triangles), and 517 ag (crosses) for B = 151.1 G,
160.3 G, 167.0 G, 172.4 G, and 177.7 G, respectively. The inset in b) shows the measured temperature for the sweet spot with aso=274
ap. For ¢, and d, ag 2 is set to 89 ag (circles), 247 aq (squares), 377 ao (diamonds), 449 a¢ (triangles), and 517 ag (crosses) for B = 37.1 G,
40.7 G, 43.7 G, 45.4 G and 47.0 G, respectively. Each data point is equal to the mean of three to five repeats, and the error bars reflect
the standard error. The solid lines are fits to the data as discussed in the main text. The loss-rate coefficients obtained from the fits are
given in Tab. 5.4.
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coefficient of the collision rate for i-body loss. The rate of change for the atom
number is obtained by integrating n(r,t), N(t) = [n(r,t)d’r. As is well known
[105], the atom loss from the trap induces heating via two dominant processes. These
are known as anti-evaporation and recombination heating. Following Ref. [105] we
incorporate the latter by an additional temperature parameter 7} in the three-
body heating term of the rate equation. To obtain the loss-rate coefficients the
data points are then fitted by the numerical solution of the resulting coupled rate
equations (Eq. 5.1 and Eq. 5.2 of the Methods). The fits are shown along with the
experimental data in Fig. 5.5, and the loss-rate coefficients obtained are summarized
in Table 5.4. The model fits the data reasonably well, with the two-body loss rate
being negligible and the loss thus dominated by three-body recombination. The
one-body loss rate coefficient k; is ~ 0.05 s~! for all the data sets. In cases where
the fitted values of ko are close to zero, we fix them to the corresponding theoretical
value to avoid overfitting. Note that the value for k; is significantly larger than
we obtain for a pure BEC, where we use a much lower laser power for the dipole
trap. We attribute the need for a higher value of k; here to increased losses due to
inelastic light scattering. Otherwise, the values obtained for k3 for a given value of
a2 are similar to the ones from previous work using the sublevel (3,3) [104, 105].

We now turn to the region around 40 G. The measurements here have a surprise
for us. This region is again reached using the lattice trick. The trap depth is
approximately 800 nK, with an initial temperature of the samples between 80 and
90 nK and with peak densities of around 1.5 x 10?2 cm~3. Note that this time the
density is a factor 10 lower than in the previous measurements. Figure 5.5 ¢ and d
show the resulting loss and heating, together with fits similar to those above. First
of all, no sweet spot can be identified. For the plot, the values for B were chosen
such that the values for as are the same as for the measurements in the region
around 160 G. Evidently, accounting for the lower density, the loss and heating
observed is significantly greater than in the region around 160 G. The decay curves
lie closer together, i.e., the loss does not depend so much on the value of as,. All
this is reflected by the fit results. When testing the fits, we find that both two- and
three-body loss are significant. However, leaving all parameters, i.e. ki, ko, k3 and
Ty, as free parameters makes our model prone to overfitting. We fix k1 =0.068/s and
we omit the contribution of 7}, from the fits as it appears to be negligible. Then,
letting ko and ks vary freely, we find values for ky of about 5x 107 cm®s~! and
for k3 between about 0.5x1072* cm®s~! and 3.2x1072* cm®s~!. The specific values
are added to Table 5.4. The values for k; agree reasonably well with the theoretical
values, but the values for k3 are nearly two orders of magnitude larger than we
obtained from the measurements in the region around 160 G or from measurements
involving the state (3, 3) [104, 105], at given values for the relevant scattering length
away from the sweet spots (which are at 160 G for (3,2) and at 21 G for (3, 3)).

Such high values for k3 are a surprise, and we can only speculate about the origin
of such high three-body loss. A simple calculation (given in Supplementary Note
5.7.3) shows that there is a possible three-body recombination process that flips the
spin of one atom to (3,1) while forming a molecule in the least-bound state of the
channel (3,3) + (3,2). This process becomes energetically resonant near B =45 G
due to the second-order Zeeman effect. Three-body recombination processes assisted
by spin exchange are believed to be important for “Li [356, 357] and 3°K [358, 359],
but not for 8Rb [360, 361] and **Rb [362]. We note that this process does not
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seem to play a role in the window near 160 G. To discuss the likelihood of this
explanation further, we consider the energy mismatch between three free particles
and the products of the three-body recombination. In ref. [356], the presence of an
additional spin channel, with an energy mismatch of approximately 0.25 F.qw was
proposed as the cause of a discrepancy of about two orders of magnitudes in the
measured k3. Here E qw is the typical energy scale for the van der Waals interaction
between the two atoms [88]. The energy mismatch in our case is significantly smaller,
in the range of 0 to 0.05 Fyqw.

5.5 Discussion

In summary, for the first time, a BEC of Cs has been obtained in a spin state other
than the absolute ground state (3,3). We have identified two windows where this is
possible: In a region around 160 G, two-body losses are negligible and three-body
losses are sufficiently suppressed. Here, a pure BEC with 3.0 x 10* atoms in (3,2)
can be formed.

The situation is different in a region around 40 G. We have not been able to
achieve BEC by direct evaporation in this region. However, creating a BEC first
near 160 G and then transferring it in a lattice to 40 G allows us to produce BECs
at that field value. Losses are strong, reducing the purity of the BEC and limiting
its lifetime to around 0.5 s. Interestingly, three-body rather than two-body losses
are the limiting factor. We have not been able to find a sweet spot where three-body
recombination is sufficiently suppressed. In fact, the three-body loss-rate coefficient
is close to two orders of magnitude larger than we had expected; the high value
may be the result spin-flip-aided three-body recombination. This process merits
further investigation. One signature would be the direct detection of atoms in (3, 1)
produced in the recombination process. We note that the losses in this region set
in only when the atoms are released from the lattice into the 3D trap. The losses
are nearly fully suppressed when the atoms are kept in, e. g., 1D tubes, as has been
done previously in various experiments in our group [17, 363].

More than 20 years after the first attainment of a Cs BEC in (3,3) [114], BEC
in (3,2) is not merely an academic achievement. While Cs spinor BECs remain out
of reach, BEC in (3,2) opens up new possibilities for impurity and polaron physics.
Specifically, for experiments in the context of strong bulk-bulk and impurity-bulk
correlations in 1D [45], the strengths of the bulk-bulk and the impurity-bulk inter-
actions can be interchanged, potentially allowing the impurity to serve as a matter-
wave probe of the pinning transition [14] through the phase transition point. Pre-
cision tests of the underlying quantum field theory, the sine-Gordon model [41], are
thus possible. Further uses of (3, 3) as a strongly interacting probe (instead of (3,2))
will enhance experiments on topological phase transitions [309]. In addition, being
able to condense Cs in (3, 2) opens new possibilities in quantum-gas mixture setups,
e.g., for the production of ultracold and possibly quantum-degenerate samples of
heteronuclear molecules such as KCs [364] and RbCs [365, 366].

Data availability Data supporting this study are openly available from Zenodo at
[367].
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Experiment Theory
B (G)  aga (aop) ky (s7) ko (107" em3s™) k3 (1072 embs™!)  ky (107 em?®s7!)
371 89 i 18.2(49) 323.2(108) 732
40.7 247 - 35.5(25) 179.9(47) 59.2
437 377 i 83.7(30) 52.9(55) 470
45.4 449 i 49.5(27) 135.2(53) 51.8
47.0 517 i 39.4(26) 156.5(44) 51.6
151.1 88 0.040(11) 2.1(12) 4.56(22) 1.2
167.0 379 0.057(12) 1.2 (fixed) 0.50(10) 1.2
172.4 452 0.062(1) 1.8 (fixed) 1.11(2) 1.8
1777 517 0.054(4) 2.3 (fixed) 1.86(5) 2.3

Tab. 5.1: Experimentally determined and theoretically predicted values of loss-rate coefficients in the windows around

40 G and 160 G. The errors in the experimental values are determined from the fit.



5.6. MATERIALS AND METHODS 129

Acknowledgements

We thank R. Grimm for discussions and for pointing out to us the possible loss
mechanism in the region near 40 G. The Innsbruck team acknowledges funding
by a Wittgenstein prize grant under the Austrian Science Fund’s (FWF) project
number Z336-N36, by the European Research Council (ERC) under project number
789017, and by an FFG infrastructure grant with project number FO999896041.
MH thanks the doctoral school ALM for hospitality, with funding from the FWF
under the project number W1259-N27. The theoretical work was supported by
the UK Engineering and Physical Sciences Research Council (EPSRC) Grant Nos.
EP/P01058X/1, EP/V011677/1 and EP/W00299X/1.

5.6 Materials and methods

5.6.1 Fitting of loss measurements

For our fitting procedure we use a coupled fit of the atom number and the temper-
ature evolution [105, 366]

N(t) =~k N(t) - w% - W%, (5.1)
T(t) = kﬁ&) 4 kgﬁQN(t)2<T(t> - Ti) (5.2)

27/2T(t)(1/2 35/2T(t)3 ’
where 3 = (mw?/27kg)*? with the mass m of the Cs atom, and @ = 27 x 7 is
the geometrically averaged trap frequency. Applying the standard approach of the
least-square fit method we minimize the function

2 UMY re(i)\?
e=3(50) ~Z(nm) )
Here 7N = (Nexp — Nmod) ("1 =(Texp — Tmoa)) are the residual of the number of atoms
(temperature), Nexp (Texp) is the measured atom number (temperature), and Nyoq
(Tmoa) are the corresponding values obtained from Eq. 5.1 (Eq. 5.2). The weighted
error of the atom loss (temperature) measurements is on(i) (or(i)). For the region
near 160 G we use k1, k3 and T}, in Egs. 5.1 and 5.2 as free parameters. Additionally
using ko as a free parameter yields non-zero values of ky only for the data set at
151.1 G. We hence leave ky as a free parameter for this particular data set and
set it to the corresponding theoretical values for the others. In the region near 40
G, we leave k3 and ko as free parameters and restrict k; = 0.068/s and T}, = 0
1K to avoid overfitting. Note that for all of these fits the correlation coefficients
between the loss coefficients are above 0.9. The fitting parameters listed in Tab.
5.4 include the standard error, which is derived from the diagonal elements of the
variance-covariance matrix.
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Bres (G) A (mG)  apg (@0)  res (a0)
134.28  —0.0076 —402 2.5 x 10*

136.96  —0.12 —293 3.3 x 10*
141.10  —0.47 —147 1.7 x 10°
144.99 —4.1 —21.3 107

147.73 —2.9 —154 5.9 x 10°

SUPPLEMENTARY TABLE 5.2: Parameters of i-wave Feshbach resonances be-
tween 130 and 150 G, from coupled-channel calculations with L., =8.

5.7 Supplementary notes

5.7.1 Calculated resonance parameters

We locate and characterise resonances in our coupled-channel calculations using the
methods of Ref. [354]. We use the regularised scattering length procedure, which is
suitable for the weak background inelasticity that is present for the resonances here.
Characterising the d-wave resonance in Fig. 5.4 near 147.5 G is complicated by the
significant variation of the background scattering length ay, across its width. We
therefore subtract off a field-dependent reference a,ef(B) = (B—147.5 G) x 25 ag G™!
before fitting to obtain the parameters given in the main text. The field-variation of
the background means it is not possible to define the resonance width A as usual,
but the strength ap,A is nonetheless well defined. The g-wave resonance shown in
Fig. 5.4 is narrower and simpler to fit, giving parameters B = 154.18 G, A = 20
mG, apg = 160 ag, and ages = 3.2 x 10° ag.

The resonances described in Supplementary Note 5.7.2 are harder to assign and
characterise. The coupled-channel calculations described in the main text use the
interaction potential of Berninger et al. [351] with a basis set limited by Ly = 4.
This is appropriate because the potential was fitted to experimental results using this
basis set, so that the potential itself accounts (in an averaged way) for the absence
of basis functions with L > 4. However, these calculations show only the two
resonances discussed above in the region of interest. We therefore carry out further
calculations with L., = 6 and 8. These calculations reveal several additional
narrow resonances in this region, due to i-wave (L = 6) states; their parameters are
listed in Table 5.2. In each case there is at least one i-wave resonance within 3 G
of the observed loss feature, but there is no clear mapping between the individual
calculated resonances and experimental loss peaks. Specific assignments of the loss
peaks would require refitting the entire interaction potential, using a more accurate
form for the shorter-range part of the interaction potential than in Ref. [351]. This
is outside of the scope of the present work.

5.7.2 Resonances in the range of =138 to 145 G

We carry out an atomic loss spectroscopy measurement in the magnetic field region
between 138 and 145 G by holding a non-condensed sample of atoms in (3,2) in the
dipole trap for 2 s and recording the number of remaining atoms N as B is varied.
The results are plotted in Supplementary Fig. 5.6. We find three loss features within
this region, at 139.80(1), 144.48(1) and 144.65(1) G.
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SUPPLEMENTARY FIG. 5.6: Search for additional Feshbach resonances.
Loss spectroscopy performed with a non-condensed cloud in the dipole trap between
138 G and 145 G. For this measurement the sample is held in the trap for 2 s before
imaging via the standard TOF technique. Each data point is an average of up to
five repetitions.

5.7.3 Three-body recombination processes assisted by spin
exchange

As a possible collision process accounting for the large three-body loss measured
in the magnetic field region around 40 G, we consider three-body recombination
assisted by a spin-exchange process. We begin with three atoms in the (3,2) state,
each with energy Es, undergoing a spin-exchange collision that produces one atom in
each of the states (3,3), (3,2) and (3, 1), with corresponding energy E,,,. Between
40 and 50 G, the Zeeman energy, mostly dominated by the quadratic Zeeman shift,
results in an excess energy of approximately 50 to 100 kHz for this spin-exchange
process. This is of the same order of magnitude as the binding energy Ey, m ;i m;,
of a weakly bound dimer in the channel (3,3) 4 (3,2) in this region of field. In
Supplementary Fig. 5.7 we show the energy difference between the excess Zeeman
energy and the binding energy of weakly bound dimers in the spin channels (3,3) +
(3,2), (3,3) 4+ (3,1), and (3,2) + (3,1), respectively. The binding energies of the
dimers are calculated using

Ebmyimgs = =0/ 2y mpy = 0)°), (5.4)

where p is the reduced mass of the atom pair and a =~ 96.56a, is the mean scattering
length of Cs. From Supplementary Fig. 5.7 we see that at 45 G the formation of a
molecule in the (3,3) + (3, 2) channel becomes energetically resonant. This suggests
that three-body recombination via a spin-exchange collision is the likely cause of the
large values of k3 that we measure in this region. Interestingly we further find from
Supplementary Fig. 5.7 that molecular channels (3,2)+ (3,1) and (3,3)+ (3, 1) also
have resonant features above 55 G.
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SUPPLEMENTARY FIG. 5.7: Energies of possible decay channels for spin-
exchange-assisted three-body recombination around 40 G. Excess Zeeman
energy required for the spin-exchange process (3,2) 4+ (3,2) — (3,3) + (3, 1) (black).
Energy difference between the excess Zeeman energy and the binding energy of a
weakly bound dimer in (3,3) 4 (3,2) (blue), (3,3) 4+ (3,1) (green) and (3,2) + (3,1)
(yellow). In the legend the Zeeman shift and the binding energies are labeled as
Em, and Ey g, my,, respectively. The dashed line shows zero energy separation.

This process differs from a typical three-body recombination collision, where the
molecular binding energy is carried away by the collision products. Here most of
the binding energy is absorbed by the excess Zeeman energy, so the products do not
gain significant kinetic energy.
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The quantum kicked rotor is a paradigmatic model system in quantum physics. As a driven
quantum system, it is used to study the transition from the classical to the quantum world and to
elucidate the emergence of chaos and diffusion. In contrast to its classical counterpart, it features
dynamical localization, specifically Anderson localization in momentum space. The interacting
many-body kicked rotor is believed to break localization, as recent experiments suggest. Here, we
present evidence for many-body dynamical localization for the Lieb-Liniger version of the many-
body quantum kicked rotor. After some initial evolution, the momentum distribution of interacting
quantum-degenerate bosonic atoms in one-dimensional geometry, kicked hundreds of times by means
of a pulsed sinusoidal potential, stops spreading. We quantify the arrested evolution by analysing
the energy and the information entropy of the system as the interaction strength is tuned. In the
limiting cases of vanishing and strong interactions, the first-order correlation function exhibits a
very different decay behavior. Our results shed light on the boundary between the classical, chaotic

world and the realm of quantum physics.

Chaos is a phenomenon that is found almost every-
where in our daily life and it plays a central role in
many of the sciences. Nonlinear complex systems, as
they appear abundantly in mathematics, physics, biol-
ogy, ecology, meteorology, economics, and other fields,
are generally subject to chaotic dynamics [1]. The long-
time evolution sensitively depends on the initial condi-
tions and is inherently unpredictable. Chaos, although it
has a negative connotation, is often very useful. It is in-
timately connected to ergodicity, and dense sampling of
the available phase space drives many of the important
physical processes, from thermodynamics to biology [2].
However, this behavior is in stark contrast to what one
expects from quantum physics [3, 4]. The evolution of a
closed (non-relativistic) quantum system is subject to the
Schrodinger equation and it is unitary, i.e., in principle
fully reversible and non-chaotic, at least to the point of
measurement. The central questions are hence: Where
is the boundary between the quantum coherent and the
classical chaotic world? Which processes, apart from the
measurement process, break the non-chaotic dynamics in
a quantum system? Do particle-particle interactions nec-
essarily lead to chaotic dynamics, in particular for strong
interactions?

A minimal physical system to study chaotic behavior is
a rotating object periodically kicked by an external force.
A transition from integrable to chaotic motion is found
as the kick strength crosses a critical value. Its quan-
tum version, known as quantum kicked rotor (QKR), is
a paradigmatic example in which quantum coherence can

* These authors contributed equally to this work.
T leiying@zju.edu.cn
¥ christoph.naegerl@uibk.ac.at

prevent the system from falling into the regime of quan-
tum chaos even in the strong-driving regime, in stark con-
trast to the classical counterpart. This counter-intuitive
phenomenon can be understood as Anderson localization
in momentum space [5-7]. It is termed dynamical local-
ization (DL) and has been demonstrated experimentally
in dilute ultracold atomic gases [8-10].

The QKR is a highly idealized single-particle model
system. Realistic systems consist of many particles that
interact with each other. Interactions almost always lead
to a randomization of the many-body dynamics [11, 12].
Nevertheless, recent theoretical and experimental work
has identified various dynamical quantum many-body
systems for which ergodicity is broken. Examples in-
clude many-body localized cold atoms in lattices [13],
many-body scar states of interacting Rydberg atom ar-
rays [14], and prethermalized samples of bosons in low di-
mension [15, 16]. Driving an interacting quantum many-
body system further increases the complexity. For the
case of the many-body QKR a breakdown of DL has
been proposed using meanfield approaches [17-19], and
in fact recent cold-atom experiments with either weakly
interacting one-dimensional (1D) [20] or strongly inter-
acting 3D gases [21] align with these proposals. How-
ever, recent theoretical work [22-26] suggests that DL
may persist in an interacting, even strongly interacting
many-body quantum system. Specifically, interacting 1D
bosonic gas as an ideal Lieb-Lininger QKR is proposed
to support many-body dynamical localization (MBDL).
Driving a strongly correlated interacting system surpris-
ingly may not have to end up in chaotic dynamics.

Here we report the observation of MBDL in
interaction-tunable 1D Bose gases. Using quantum-
degenerate samples of Cs atoms, we realize the Lieb-
Liniger quantum kicked rotor, a paradigmatic model
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Figure 1. Experimental implementation of MBDL. (a)
Sketch of the 3D BEC loaded into an array of 1D tubes gener-
ated by the 2D optical lattice (yellow) and partially compen-
sated by a blue-detuned optical anti-trap (blue). The QKR
lattice propagates along the vertical z-direction. (b) Calcu-
lated ground-state many-body 1D spatial density nip(z) for
the flat-bottom trap in units of a~' for various values of the
interaction parameter . The data for v = 2 and v = 11 is
obtained from a quantum Monte Carlo calculation at a tem-
perature of 2 nK, while the data for v = 0 and v = oo are the
zero-temperature results from a one-cycle Floquet map and
fermionization method [27, 28]. (c) Schematic of the exper-
imental QKR sequence with NV, pulses sandwiched between
the preparation and TOF-imaging procedures. (d) Illustra-
tion of nip(z) (green) for 4 interacting atoms in a cosine
standing-wave potential in the flat-bottom trap (orange) for
v =o00. The anti-nodes of nip(z) register with the nodes of
the kick potential. The envelope of nip(z) with the 4 bumps
reflects the presence of 4 atoms. (e) Typical absorption image
for y=11 after N, =501 kicks showing the spatial density in
color coding after TOF and integrated along the line-of-sight.

for the simulation of driven interacting quantum many-
body systems. We tune the interaction strength from
the non-interacting regime to the Tonks-Girardeau (TG)
regime [29-31] and find signatures of MBDL in a freezing
of the momentum distribution and in a saturation of the
energy and the entropy as the 1D Bose gases are kicked
hundreds of times. The first-order correlation function
exhibits a strikingly different decay in the two limiting
cases of zero and strong interactions. Our results are in
agreement with recent proposals [22-24] and are cap-
tured qualitatively by our modeling.

The experiment starts by loading a Bose-Einstein con-
densate (BEC) of Cs atoms [32] into an array of narrow
1D tubes created by a 2D optical lattice as illustrated

in Fig. 1(a). The laser beams forming the lattice prop-
agate in the horizontal z-y plane at right angle to each
other, and their power is adiabatically ramped up to give
a lattice depth of 30E,, where E, = m2h?/(2ma?) is the
recoil energy. Here, a = \/2 = 7 /k;, =532.25 nm is the
lattice spacing with the wavenumber ki, that is set by the
wavelength A of the lattice light. At this depth, tunnel-
ing between the tubes is fully suppressed, and the tubes
can be considered as independent. A magnetic field B
along the vertical z-direction controls the inter-atomic
interaction [33] as quantified by ~, the dimensionless 1D
Lieb-Liniger interaction parameter [34]. By choosing val-
ues between 7 = 0 and v = 11 we cover the range from
the non-interacting, single-particle regime well into the
strongly interacting TG regime in which the bosons have
fermionized. The atoms are levitated against gravity by
means of a gradient of B. The finite transversal extent
of the lattice beams results in weak harmonic trapping
with trap frequency v, =14.7(3) Hz along the tubes’ di-
rection. We partially compensate this trap by means of
a horizontally propagating blue-detuned anti-trap laser
beam. This forms a flat-bottom potential, as illustrated
in Fig. 1(b). Typically, we fill about 10* tubes, with a
weighted average of 18 atoms per tube. At this stage,
the 1D systems are in equilibrium with a temperature
around 2 nK, which is estimated by the thermometry
method demonstrated in Refs. [35, 36]. Calculated 1D
density distributions nip(z) for various values of v are
included in Fig. 1(b).

We next implement the QKR procedure. A longitu-
dinal standing wave with lattice spacing a and depth V,
is periodically pulsed on with period T and square-pulse
duration T}, for a number of N, pulses as illustrated in
Fig. 1(c). We choose T' = 60 pus and 80us, T, = 10 ps,
and V,=20F,, resulting in a dimensionless kick strength
K = 3.3 and K = 4.4 respectively, see below and Sup-
plemental Material. For values of N, between 1 and
1101, the entire pulse sequence takes up to 66 ms and
88 ms, respectively. Fig. 1 (d) illustrates the many-body
wavefunction during the kicking procedure. We obtain
the longitudinal momentum distribution n(k) by a 20-
ms time-of-flight (TOF) absorption-imaging technique.
A typical absorption image is shown in Fig. 1 (e) and
n(k) is obtained as a probability distribution by integra-
tion along the transversal direction and normalizing by
the atom number. For a faithful measurement of n(k)
the particle interaction is switched off via a Feshbach-
resonance’s zero crossing [33] during TOF. From n(k) we
subsequently compute the kinetic energy FE, the infor-
mation entropy S, and the one-body correlation function

G.

We model the system by the explicitly time-dependent
Lieb-Liniger QKR Hamiltonian. For N interacting
bosons with mass m moving in a 1D tube at zero tem-
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Figure 2. Evolution of the 1D momentum distribution. Measured n(k) for the non-interacting (a) and strongly-interacting
case (b) for a kick strength K =3.3. In (a) and (b) the number of kicks IV, is increased from 1 to 1101 in steps of 50. Example
distributions are shown in (c¢) and (d) for N, =1 and 801 for y=0 and y=11, respectively. The data is compared to numerically
calculated distributions for v=0 and y=00. In view of the finite TOF duration these are convoluted by Gaussians whose waist

is half of the flat-bottom length. All experimental distributions are the average of three realizations.

perature, it reads [22, 24]

N
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+91p Z(S(zi — zj).
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Here, lik=V.T,/2 sets the kick strength K = 8T E,x/h.
The first three terms represent the QKR for a sin-
gle particle at position z; moving in the trap potential
Vexs- The last summand models the d-type pairwise con-
tact interaction whose strength gip is related to v via
v = mng/nlDIiZ. Details of our modeling are given in
Supplemental Materials (SM).

We first turn to the evolution of the momentum dis-
tribution as IV}, is increased. Fig. 2 presents the exper-
imental results of n(k) for two limiting values of the in-
teraction strength, namely for vanishing (y=0) and for
very strong interactions (v = 11). In the former case,
the system is in the single-particle regime, in the lat-
ter it is deeply in the TG regime. Starting with the
first kick, higher momentum states are populated, pri-
marily the ones with £2hkr,. For the non-interacting
case, some of the population is subsequently transferred
to higher momentum states, but evidently further trans-
fer is halted and the distribution becomes stationary, as
can be seen from comparing the data sets with N, =301
and N, = 1001. The system is dynamically localized
[9, 10, 21]. In the interacting case, the change in the
momentum distribution from N, =1 to about N, =301

+ V;:xt (Zl)

is much more pronounced. However, the subsequent evo-
lution, in particular from N, =501 to N, =1101, appears
to have stopped. Examples of n(k) after the first kick
and in the localized state after N, = 801 for the non-
interacting and the strongly interacting cases are shown
in Fig. 2 (c) and (d), respectively. As we will argue be-
low, the interacting system, after some initial evolution
towards a broadened distribution, has entered the regime
of MBDL.

We utilize the Jensen-Shannon divergence J to quanti-
tatively study the evolution of n(k). It is a measure of the
overlap of two probability distributions [37] with values
between J =0 (full overlap) and J =1 (no overlap), see
SM. Fig. 3(a) presents the time evolution of J for both
the non-interacting and the strongly interacting scenarios
as N}, is stepped in units of 50. Initially, as the distri-
butions still change, the value for J is large compared to
the noise floor. But quite quickly, J drops towards the
noise level. For the non-interacting case, the noise level is
reached already after the first step, and overlap cannot be
distinguished from noise beyond N, =300. The system
has undergone dynamical localization. For the interact-
ing case, this takes about N, =450 kicks. Afterwards,
the change in the distributions is minimal and cannot be
distinguished from the noise anymore. The system has
undergone MBDL. This can also be seen from a direct
comparison of two typical distributions taken at N, =701
and N, =1001 as shown in the inset of Fig. 3(a). Within
the error bars the two structured distributions are the
same, and also the slight shifts away from the multiples
of 2hiky, are well reproduced. This is remarkable, as the
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Figure 3. Evidence for MBDL. (a) Jensen-Shannon divergence J between the momentum distributions at N, and N, + 100
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Inset: Comparison of n(k) at N, = 701 and at N, = 1001 for the strongly interacting case y=11. (b-e) Time evolution of the
kinetic energy (E.) (b) and of the information entropy S (d) for various values of the 1D interaction strength v as indicated
and for two values of the kick strength K =3.3 (T'=60 ps, circles) and K =4.4 (T'=80 ps, crosses). (c) and (e): Comparing the
energy (c) and entropy (e) calculated for the non-interacting (light blue solid line) and infinitely interacting cases (dark blue
solid line) to the data with v =0 (light blue circles) and vy =11 (dark blue circles) for the case of K = 3.3 on a log-log scale.
Fast oscillations for the theory data for y=0 are not resolved. For comparison, the time evolution of a non-interacting system
with random kicks is presented (black line, average over 10 realizations). Additionally, the calculated von-Neumann entropy
Syn for infinite interactions is shown (dashed line). The statistical error in (b) through (e) is smaller than the symbol size.

interacting system has been kicked 300 times more for the
later measurement. Evidently, the interplay of quantum
coherence and strong interactions prevents the breaking
of localization.

We further quantify the behavior observed above by
analyzing the longitudinal kinetic energy (F.) o (k%) and
the information entropy S=— 73", n(k)log[n(k)] for var-
ious values of «. The former is measure of the absorbed
energy, and the latter relates to the degree of chaos in
the system. The data is taken for two values of the kick
strength, K =3.3 and K =4.4, and, next to the previous
choice of y=0 and y=11, for intermediate values of .
The experimental results are shown in Fig. 3(b) and (d),
For any choice of 7, both observables, after an initial rise,
settle to constant values after a few hundred kicks. Ev-
idently, the evolution has stopped. The limiting values
depend on ~: The larger ~, the larger the localization
energy and the localization entropy for a given K. The
limiting values also depend on K. One can see a clear
difference for the data taken for v =11, with a smaller
kick strength giving larger localization values. We note
that for a time evolution up to N, =1001, atom loss is
small and transversal excitations are negligible. Stronger
interactions lead to slightly higher atom loss, but losses
remain below 25%. We also note that we can increase ~y
to values that are much larger than the ones used here,
e.g., to v =86. For this choice we find increased atom
loss and pronounced transversal excitations. These be-
come evident already after about 100 kicks. Details on
loss and transversal excitations are discussed in SM.

In Fig. 3(c) and (e) we compare the results for van-
ishing and very strong interactions to our theory data,
obtained in the two limiting cases y=0 and vy — oo, for
which calculations can be carried out. While the experi-
mental data lie above the theory predictions, the growth
trend for the energy and the entropy for experiment and
theory agree reasonably well. In particular, theory con-
firms the onset of localization after around 500 kicks.
The theory allows us to also calculate the von-Neumann
entropy Syn = —Tr[plogp], where p is the one-particle
density matrix (see SM) [27, 38]. It is a measure of the
entanglement generated in the system. It also settles
to a constant value, and its growth trend is almost the
same as for the information entropy. All this behavior
is in stark contrast to what happens when the system
is subject to random kicks. In that case energy and en-
tropy increase diffusively without bounds, analogous to
the case of classical chaos.

We now turn to the quantum coherence of our kicked
many-body system. It is contalned in the oneApartlcle
density matrix p(z,2') = (U1(2/)¥(2)), where ¥ is the
many-body field operator. It governs the functional
form of the one-body correlation function via G (z)
[ p(z,2")dz'. In practice, one gets G™)(z) from the
Fourier transform of n(k) [29, 36]. The experimental re-
sults for GM)(z) of the QKR are presented in Fig. 4 for
the TG regime and the non-interacting regime for two
kick strengths and for consecutive values of N, in the
localized regime. As a consequence of the frozen mo-
mentum distribution, G (2) does not depend on N,
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Figure 4. Decay of the one-body correlation function
for DL and MBDL. (a) and (b): One-body correlation
function G (z) for strong interactions (y=11) and two kick
strengths and for N, =601, 801, and 1101, as indicated. The
different datasets have been offset for better visibility. Ex-
ponential fits to the data for the range z/a=0.25 to 2.5 are
indicated by the dashed lines. (c) and (d): Same as above, but
for the non-interacting case (y=0). Lorentzian decays have
been fit to the experimental data over the full range (dashed
lines).

after MBDL has occurred. The decay for the strongly
interacting case is well fit by an exponential for inter-
mediate distances. A frozen correlation length is consid-
ered to be a property of the effectively thermalized TG
gas in MBDL phase, as predicted for trapping-free sys-
tems [24, 25]. The exponential fit is not expected to cover
G® for very short distances, which via Fourier trans-
form correspond to the region of large momenta. This is
compatible with a predicted algebraic-like decay for large
momenta in the MBDL phase [23-25]. Our data is in
fact consistent with a n(k) = Cink~* behavior. Here, the
weight Cyp, is Tan’s contact of the effectively thermalized
TG gas [24, 39, 40], see details in SM. Contrary to the
TG case, for the non-interacting system G(1)(z) exhibits
a Lorentzian decay behavior. This implies an exponen-
tial decay in momentum space, signalling Anderson-like
localization [5]. While the one-body correlation function
for the MBDL phase requires more theoretical studies,
especially for finite interactions and for trapped systems,
the change in the behavior of the correlation function
from one regime to the other highlights the many-body
effect in the MBDL dynamics.

In summary, we have observed and analyzed a novel

many-body phase termed MBDL by periodically kicking
a TG gas confined in a flat-bottom trap. Our observation
reveals a remarkable phenomenon: The momentum dis-
tribution of a strongly correlated system freezes despite
the periodic kicks and preserves its characteristic interfer-
ence structure. The kinetic energy and the information
entropy show suppressed growth and saturation. Evi-
dently, the quantum many-body system does not fall into
the regime of chaos. The differences for the momentum
distributions and the correlation functions between the
non-interacting scenario and the strongly interacting one
highlight the impact of the many-body effect under the
periodic driving. Our findings raise a series of interesting
questions to experiment and theory: What mechanisms
could break MBDL in our Lieb-Liniger setting and how
does chaos emerge from it? What happens for intermedi-
ate interactions in the presence of inhomogeneous trap-
ping for which integrability is expected to be broken? As
interactions for our system are short-ranged in real space
and hence necessarily long-ranged in momentum space,
is there a mapping to real-space localized states for the
case of long-range real-space interactions [41, 42]? How
is the relation to other many-body localized states that
are, e.g., found in a lattice setting [43] for which localiza-
tion happens in real space? The observation of MBDL, in
view of recent theoretical research [22-25], opens the door
to a further exploration of the emergence of chaos in a
many-body setting and provides new directions to inves-
tigate the boundary between the classical, chaotic world
and the quantum realm, in particular for the strongly
interacting scenario.
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S1. EXPERIMENTAL SEQUENCE

The experiment starts with a 3D interaction-tunable
Bose-Einstein condensate (BEC) consisting of approxi-
mately 1x10° Cs atoms prepared in the lowest magnetic
hyperfine state |F,mp) = |3,3), held in a crossed-beam
dipole trap and levitated against gravity by a gradient
of the magnetic field B(z) [32]. The BEC is prepared in
the Thomas-Fermi regime with a 3D s-wave scattering
length of a;p &~ 190ag, where ag is Bohr’s radius. A 2D
optical lattice is gradually ramped up within 600 ms to
30E;, cutting the 3D system in the horizontal z-y plane
into an array of 1D tubes oriented along the vertical z-
direction. After loading the atoms into the lattice, the
initial crossed-beam trap is ramped down within 300 ms.
The offset magnetic field is then ramped up adiabati-
cally to a desired value between B~ 17 G and 40 G to
set a;p in the range between a;p ~ Oag and 620ag, with
3ag precision. After holding the atoms for an additional
time of 100 ms, the 1D tubes are periodically kicked by a
pulsed one-dimensional optical lattice propagating along
the longitudinal direction z. After the kicks, all trapping
fields are switched off and the atoms perform a 20-ms
TOF, during which, importantly, the inter-particle in-
teraction is turned off to avoid any residual interaction
effects by switching asp to zero. This allows us to obtain
the momentum distribution n(k) as the various experi-
mental parameters are varied via absorption imaging and
integration over the transverse direction.

The horizontally propagating lattice beams cause weak
harmonic trapping along the longitudinal direction of the
tubes with a trap frequency of about 14.7 Hz as a result
of their finite beam size. We use an additional laser beam
with a wavelength of 808 nm, which is blue detuned to
the laser-cooling transition and which propagates hori-
zontally, to create an anti-trap in the z-direction. The
waist of this beam is 135 pm, whereas the lattice beams
have a waist of 300 pm. This results in a flat-bottom
potential with a length of around 50 pm. The detuning
of the anti-trap beam is sufficiently large to not cause
any noticeable heating from spontaneous light scattering.

S2. SUPPLEMENTARY EXPERIMENTAL DATA

A. MBDL with stronger interactions

We have taken similar data as shown in Fig. 3 for an
even stronger interaction strength v = 86. The experi-
mental results are presented in Fig. S1. For both two
kick strengths, the qualitative evolution of the kinetic
energy and of the entropy for v = 86 does not differ from
the previous results in main text. However, the stronger
interaction leads to more atom losses and to significant
transversal excitations, as shown in Fig. S2. Particularly
for the case of y=86 with K =3.3, the transversal waist
increases substantially as a function of the kick number.
These results indicate the situation that the gas enters
into a regime of the dimensional crossover from 1D to
3D, which requires further exploration.
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Figure S1. Evolution of the kinetic energy (a) and of the

information entropy (b) for y=11 (same data as is shown in
Fig. 3 of the main text) and v = 86 for two kick strengths,
K=3.3 (T'=60us) and K=4.4 (T'=80 us).



g 1o(g)Xé<>&x§ 8B & 5 B B ‘
O ®X: B SBX

3 i><5<>@>< X&BXQ é E é 8 g P
£ xX 885§
s X x
© x x
3 05}
% K=4.4,y=0 X K=4.4,y=11
g x K=4.4,y=7 X K=4.4,y=86
z 0.0k ‘
3 (b) K=33,y=0 O K=3.3,y=11
i:, 1401 K=3.3,y=2 O K=3.3,y=86
173
2 o
31207 OOOOOOOOOO O o]
g oco©0© °° X X

| x x x x|
2 100 W M xBORXAORE R R B R R R B K
= 80

0 500 7000
Kick number, N,

Figure S2.  Evolution of the atom number and the trans-
verse waist during the kicking process. (a) Atom number
normalized to the initial one as a function of the kick num-
ber. (b) Evolution of the extracted Gaussian waist from the
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Figure S3. Distribution of k*n(k) for v =11 (green circles)

with K =3.3 at kick numbers N, =1 (a), 101 (b), and 1001
(c). The black solid lines show the corresponding numerical
predictions for v — oo.

B. Evidence of algebraic £~ tail during the kicking
process

In the MBDL phase, the momentum distribution of
an untrapped kicked TG gas is expected to exhibit an
algebraic-like decay at large momenta, namely n(k) =
Cink™*, where the weight Cyy, is expected to be Tan’s con-
tact of the effectively thermalized TG gas [24]. Figure S3
shows the distribution of k*n(k) of the kicked TG gas for
different kick numbers for a probing of Tan’s contact Cyy,.
After 1 kick, the quantity k*n(k) increases especially for
k > 6kr,, whereas the numerical predictions show a clear
plateau (see also Fig. S7(c)). When N, =101, at a point
in time at which the energy and entropy are still increas-

ing, we find that the measured k*n(k) fluctuates around
a constant at large momenta. As the kick number in-
creases into the localized regime, the measured kn(k)
presents a growth trend at small momenta while it nearly
approaches a plateau for momenta beyond 6ky,, in agree-
ment with the corresponding numerical predictions. This
possibly indicates that the momentum distribution in the
MBDL phase exhibits a power-law decay Cink™* at large
momenta. This requires further investigations.

C. Many-body QKR model and fermionization of
bosons

Our numerical calculations are based on the Hamilto-
nian of Eq. (1) in the main text. We introduce a set of di-
mensionless parameters to rewrite the Hamiltonian [10]:

2k, TP t
C = Qksz b= L y T = Ta
8TE " 8k3T?%g (S1)
heff: r? K:heﬁ"%v g:Lile
h m

where E, = hzkf /2m is the recoil energy and g denotes
the effective Planck constant. This scaling makes p =
hegt corresponding to P = 2hky,, which allows us to take
ky, as the unit of momentum. Then, the dimensionless
Hamiltonian with d-function kicks is written as

N

HT) =D (5 4 Vet (G) + K cos () Y 6(r = Ny)

i Np

N
+9Y 686G —¢).
i<j
(82)
As g is proportional to the Lieb-Liniger parameter v, we
use v to quantify the interaction strength throughout the
paper.

For the non-interacting scenario, the Hamiltonian is
simplified to Hqxr(7) = H(r,7 = 0). After evolving
the ground state [1) of bosons in the external trap po-
tential Veyt, we use a split-step fast Fourier transform
method to alternate between the real-space basis and the
momentum-space basis. Here, space is discretized before
the stroboscopic evolution and the Floquet operator over
one period is written as

wi@),

o . heffk2 Vext(() K
U= exp{—z ( 5 + . expy —1? o
S3)

which generates the stroboscopic evolution |[¢(7 + 1)) =
Uly(7)). Applying U repeatedly, we obtain the long-
time dynamic observables of the ensemble of bosons, in
particular, the momentum distribution n(k,7) and the
averaged kinetic energy (k2(7)).

The kick above is an ideal delta pulse, denoted by §(t—
N,T). In our experiments and numerics, we apply a




square pulse with finite pulse duration T}:

= |t - NpT| < TP7

o, (£ = NpT) = {TP

(S4)
0 [|t—NpT|>Tp.

Thus, the dimensionless Floquet operator over one period
can be written as

. . hefka Vext(C) T— Tp
U exp{z( 5 + hor T

X exp{—i}fﬂ cos (¢) —1 <he§k2 T Ve;i(:f(fo) ?}
(S5)

For the scenario of strong interactions in the TG
regime (7 — 00), the strong local repulsion leads to
the situation that only one particle can occupy one
point in space z. Utilizing the Bose-Fermi mapping, we
can straightforwardly compute the exact time-dependent
many-body wavefunction of bosons ¥g({C},7) at posi-

tions {C} = {C1, Cay vy ('} [25, 48]
Ve({C}. ) = [[sen(G — ¢)Or({Ch7),  (S6)

1<j
where Wp({¢},7) = det[th(¢,7)]/V/N! is the many-
body wavefunction of free fermions expressed in terms
of the Slater determinant of single-particle wavefunctions
wi((ﬁ T) :
We then calculate the one-particle density matrix [24,
25),

o6, 7) :N/dcz...dgN\vB<<,<2...<N,r>x
Up(C o CnoT),

to obtain the density and momentum distributions of the
fermionized Bose gas. The diagonal part of the matrix
is the spatial density and the momentum distribution is
given by

(S7)

n(k,7) = / dedC'e™ D p(c ¢ T (S8)

Furthermore, the correlation function G(M)(z) is defined
as average of p(¢’,¢") over all distances [24, 49], and it
is written as

L
G =1 { /0 p(¢¢ +Q)dC

z

(59)
L.

" 11 d//
+/0 (¢ ¢ ¢ e,

which can be obtained from the Fourier transform of the
momentum distribution [29, 36].

In practice, we employ the 1D hard-core Bose-Hubbard
model to exactly compute the one-particle Green’s func-
tion Gy = (5,?3;) by using the Jordan-Wigner transfor-
mation (JWT) [27, 48]

i—1 o A i—1 e
EI = sz H e_iﬁféfﬁa bz = H e’”\'fgfﬂ fi7 (Slo)
B—1 B—1
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where f;r and f; are the creation and annihilation op-
erators for spinless fermions. The bosonic creation bt
and annihilation b operators satisfy the on-site anti-
commutation rule {b;,b/} = 1, while they commute on
different sites [IA)Z,ZA)}L} = 0. In the end, the one-particle
density matrix correspondingly writes

Pij = <BIB]> = Gij + (51‘]‘(1 — QGu) (Sll)

S3. NUMERICAL METHODS
A. Details of exact numerics

We model the experimental system as a one-
dimensional tube with a fixed number of atoms, de-
scribed by the periodic many-body Hamiltonian in the
presence of a confining potential Ve, as presented in
the main text. In our experiment, the weighted aver-
aged number of atoms per tube can be estimated by
N = >z NZ.,./ > ziy; Naiy, & 18, so we always choose
N = 18 unless stated otherwise. The dimensionless po-
tential Vet takes the form

)]

¢? ¢?
Vil1—e 2k% w? +Vs|e 2kZ w3

(S12)
which is a sum of a Gaussian trap and a Gaussian anti-
trap. The parameters are V; ~ 45.7F,, Vo =~ 9.3F,, w1 =
300 pm and we = 135 pm.

Here we focus on the calculations in the TG limit (y —
o0). The Bose-Fermi mapping allows us to compute the
exact many-body wave function of bosons and calculate
the corresponding correlation functions in trapped sys-
tems both in equilibrium and far from equilibrium [28].
This mapping directly leads to many similar quantities
between strongly interacting bosons and free fermions,
for example, the kinetic energy and the entropy [29].
However, there are still several non-local observables that
are strongly modified due to the symmetry of the bosonic
wavefunction, e.g. the one-particle density matrix, since
fermionized bosons do not obey the Pauli exclusion prin-
ciple in momentum space.

In detail, the simulation involves following steps for
two the limiting scenarios:

For the non-interacting limit (v = 0), the number of
atoms is irrelevant and all bosons initially occupy the
ground state.

(i) We discretize space to obtain the matrix form of the
single-particle Hamiltonian with dimension Ngim X Ndim,
and then carry out exact diagonalization in the real-space
basis to obtain the ground state |¢g) of the system.

(ii) Starting from the ground state, we evolve it by the
Floquet operator using a split-step fast Fourier transform

4k2T?
Vext(g) = b




method to alternate between the real-space basis and the
momentum-space basis. This allow us to obtain the mo-
mentum distribution n(k,7) = |(k[¢o(7))|* and kinetic
energy E.(7) = (¢o(7)[k?[¢bo(T)).

For the TG limit (v — o0), the number of atoms is
fixed at N = 18. The N bosons are considered being
fermionized, meaning that they cannot occupy the same
eigenstate because of the Pauli exclusion principle.

(i) We exactly diagonalize the single-particle Hamilto-
nian in the real-space basis to obtain the lowest N eigen-
states (i.e. {|v;)},i=0,1,--- , N — 1) of the system.

(ii) These N eigenstates are evolved separately accord-
ing to the single-particle Hamiltonian, giving us N time-
dependent wavefunctions |¢;(7)) with ¢ = 0,1,--- | N —
1.  The dynamics of the kinetic energy FE.(r) =
> (Wi () |k (7)) for the TG gas is simply the sum of
the kinetic energies of these N fermions.

(iii) Since we have the N wavefunctions of the free
fermions, we calculate the one-particle Green’s function
Gi;(1) = <\I/B(T)|13113j\\113(7)) for the bosons. Through
the Jordan-Wigner transformation [27, 48], we have

i—1 j—1
Gij(r) = (We(n)| [] ™47 fiff T e a0 (w5 (r)),
B—1 pn—1

(S13)
where |Wp (7)) = [TV N4 by (7) £1]0) is the fermionic
many-body wavefunction and ;,(7) corresponds to the
o-th element of the wavefunction ;(7) [27]. Further-
more, we obtain the one-particle density matrix p;; =
(bib;) = Gy 4 0;;(1—2Gy;) and the other related observ-
ables such as the density (diagonal part), the momentum
distributions (Fourier transform) and the von-Neumann
entropy Syx = —Trplogp. The correlation function G
is then determined by the Fourier transform of the mo-
mentum distributions.

We typically use a basis size of Ngi,, = 10000 and a
longitudinal length L, =300 pm. As the lattice is at very
low fillings (N/Naim — 0), the system is effectively in the
continuum [28].

B. Quantum Monte Carlo simulation

We use the quantum Monte Carlo (QMC) method
to simulate the equilibrium state of the 1D bosons, for
computing its density profile and interaction strength
v ~ g/nip. The method is path integral Monte Carlo [50]
with worm-algorithm implementations [51, 52], similar to
the implementation in Refs. [35, 36]. Here, we simulate
the equilibrium state of one weighted average tube in the
presence of the continuous flat-bottom potential within
the grand-canonical ensemble. We firstly estimate the
temperature of the system in equilibrium based on the
thermometer proposed in [36], according to the data of
the correlation function GM). Then, with the estimated
temperature, we compute the density profile directly
from the configuration averaging in the real space. The
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Figure S4.  Evolution of the calculated kinetic energy per
particle with K =3.3 for v — oo (a) and y=0 (c) for various
trapping conditions as indicated. (b) and (d) are the same as
(a) and (c) but with K=4.4.

results are shown in Fig. 1(b).

C. Calculation of Jensen-Shannon divergence

The Jensen-Shannon divergence J is commonly used
to determine the similarity of two probability distribu-
tion [37]. In the main text, we use this statistical tool
to quantify to what extend the momentum distribution
evolves. For two probability distributions P(k) and Q(k)
it is given by

1 P
=22 P08 5 o o
2Q(k)

+ Q(k)logy —————~|.
The value of J is between 0 (P and @ have full overlap)
and 1 (P and @ have no overlap).

S4. ADDITONAL NUMERICAL RESULTS
A. Localization for various trapping conditions

Figure S4 illustrates the evolution of the kinetic en-
ergy for two kick strengths and for three different trap-
ping conditions, namely no trap, a flat-bottom trap as it
is used throughout the manuscript, and a Gaussian trap
with a harmonic trapping frequency of 14.7 Hz as it is
generated by the finite transversal extent of the lattice
beams. Remarkably, the kinetic energy exhibits satura-
tion at a later time for both v — oo and v =0 under
all trapping conditions, indicating the MBDL and DL
phase, respectively. Note that the localized energy and
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Figure S6. (a) Calculated kinetic energy per particle evolu-

tion for K =3.3 and v — oo for different atom numbers in a
range from 10 to 33. (b) Localized energy averaged from the
grey region in (a) as a function of atom number N.

onset time increase as the trap potential becomes steeper.
Moreover, we find that the localized energy varies for
different kick strengths, consistent with the experimen-
tal measurements shown in Fig. 3 in the main text. For
all cases, when compared to the Gaussian trap, the flat-
bottom trap leads to an earlier onset time of the localiza-
tion and clearly decreases the localized energy. It thus
helps us to observe the MBDL phase without notable
heating and atom losses.

B. Convergence of the energy with basis size

To confirm the accuracy of our numerical results, we
try four different basis sizes to calculate the evolution of
the kinetic energy for v =0 and v — oo, as shown in
Fig. S5. The energy evolution is consistent with increas-
ing basis size after Ngij,m = 10000. The localized energy
is thus constant at a basis size beyond Ngin, =10000, see
inset in Fig. S5. Therefore, we choose Ngi,, = 10000 for
all numerical simulations.
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Figure S7.  Calculated distributions n(k) and n(k)k* and
the correlation function GV for K =3.3 and for v — oo (left
panels) and = 0 (right panels) for different kick numbers
ranging from N, =0 to 1501 as indicated. The black and blue
dashed lines in (e) are fits with algebraic decay « 1/1/z and
exponential decay o« e~ /"¢ respectively. The red dashed line
in (f) denotes a Lorentzian fit.

C. MBDL for different atom numbers

In our experiment, for the data presented in Fig. 3, the
total number of atoms is not constant. It drops by up to
25% after one thousand kicks. In Fig. S6(a), we present
the evolution of the energy per particle for v — oo for
varying number of atoms N ranging from 10 to 33. Since
atoms cannot occupy the same eigenstate initially, the
energy overall increases with increasing atom number at
first, but it starts to stabilize at N beyond 15. The energy
always saturates for all atom numbers in this range. As
expected, the averaged localized energy exhibits a slight
growth with increasing N and is then followed by a fluc-
tuation around 9F, (Fig. S6(b)). The increase of the
localized energy with more atoms in the early stage can
be attributed to the Pauli exclusion principle and the fi-
nite trap depth. These results indicate that MBDL is
expected to remain robust in the thermodynamic limit
N — oo.

D. Momentum and G evolution

The calculated momentum distributions after different
number of kicks for v — oo and v = 0 are shown in
Fig. S7 (a) and (b). Remarkably, the profiles for both
scenarios remain frozen after about 501 kicks, and the
momentum distributions for v — oo are much broader



than those for y=0. In Figs. S7(c) and (d), we investi-
gate the n(k)k* dynamics for both two scenarios to show
Tan’s contact [39, 53] from theory side. As expected, the
momentum distribution of a TG gas in equilibrium ex-
hibits a power-law decay n(k) = Ck=* with C the Tan’s
constant, reflecting the local inter-atom interactions. As
the kick number increases, the plateau does not perfect
due to the emergence of recoil peaks. Once MBDL has
been occurred, the quantity n(k)k* fluctuates around a
constant for momenta beyond 6k;,. We notice that this
constant value is much higher than the one before kick-
ing, which is caused by the fact that the kicks enhance
the interactions between the atoms. In contrast, n(k)k*
for v =0 oscillates at high frequency over a wide range
instead of being a constant.

We finally turn to the quantum correlations of the
gases in the DL and MBDL phase. As we compare the
one-body correlation function for the non-interacting
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and strongly interacting scenarios in the main text. In
the ground state, the TG gas is expected to feature
algebraic correlations (G oc 1/4/2), reflecting the
quasi-long-range order [24, 34]. Thus, we numerically
calculate GO for different kick numbers ranging from
the ground state to the MBDL regime. As shown in
Fig. S7(e), the G of an equilibrium TG gas is well
fitted by an algebraic decay, but it gradually turns into
an exponential decay (G o e~*/7¢) after hundreds of
kicks. In addition, the correlation length r. is frozen
after the kick number N, =501, which is consistent with
the observed onset of MBDL. In contrast, the G for
~v=0 at different kick numbers are shown in Fig. S7(f).
Once DL has occurred, GM) exhibits a Lorentzian decay
indicating an exponential structure in momentum space.
These calculations are consistent with our experimental
results presented in the main text. This again highlights
the many-body effect.
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Cold atomic gases provide a remarkable testbed to study the physics of interacting many-body
quantum systems. They have started to play a major role as quantum simulators, given the high
degree of control that is possible. A crucial element is given by the necessarily non-zero temperature.
However cooling to the required ultralow temperatures or even simply measuring the temperature
directly on the system can prove to be very challenging tasks. Here, we implement thermometry on
strongly interacting two- and one-dimensional Bose gases with high sensitivity in the nano-Kelvin
temperature range. Our method is aided by the fact that the decay of the first-order correlation
function is very sensitive to the temperature when interactions are strong. We find that there
may be a significant temperature variation when the three-dimensional quantum gas is cut into two-
dimensional slices or into one-dimensional tubes. Strikingly, the temperature for the one-dimensional
case can be much lower than the initial temperature. Our findings show that this decrease results
from the interplay of dimensional reduction and strong interactions.

Cold atomic gases allow a remarkable degree of control
over crucial parameters such as the interaction strength
and the confining potentials, making them ideal systems
for studying the properties of strongly correlated quan-
tum matter [1] . Their dimensionality can be set freely,
via, e.g., optical lattice potentials, and with this they
have enabled the study of a host of properties of inter-
acting one-dimensional (1D) and two-dimensional (2D)
quantum systems. Highlights in 1D include the observa-
tion of bosonic fermionization into the Tonks-Girardeau
(TG) state [2-5], the driving of quench dynamics [6—
9], the investigation into localization effects driven by
longitudinal lattices [10-14] and disorder [15-18], and
the recent observation of spin-charge separation [19, 20].
Similarly, 2D systems based on cold atoms have allowed
the study of the Berezinskii-Kosterlitz-Thouless (BKT)
transition [21, 22|, the investigation of topological prop-
erties [23, 24], and the probing of frustrated phases [25].
In all these works, it has been important to assure that
the temperature is low enough compared to the point
of quantum degeneracy as non-zero temperatures play a
crucial role for the physical phenomena observed.

The presumably lowest temperatures for 2D and 1D
systems have so far been achieved by slicing low-entropy
3D samples such as essentially pure atomic Bose-Einstein
condensates (BEC) into layers or tubes by means of
lattice potentials. While the temperatures of the 3D
sources can be determined to high accuracy, with val-
ues in the low-nK range [1], estimates of the temper-
atures of the low-D systems have always been rather
vague. In fact, it is widely believed that creating low-D
gases within anisotropic potentials usually leads to heat-
ing [17, 21, 26, 27]. Attempts to obtain a temperature
value from e.g. Bragg-spectroscopy data on 1D Luttinger
liquids together with exact Bethe-ansatz modeling [28]
were hampered by rather large systematic uncertainties.

Here, we implement precise thermometry at the 1-nK
level for strongly-interacting 2D and 1D Bose gases. We
utilize the fact that the first-order correlation function
g1 sensitively depends on temperature when interac-
tions are strong. In the experiment, it is determined
from a careful measurement of the momentum distribu-
tion, and the results of ab-initio state-of-the-art quantum
Monte Carlo calculations for various values of the tem-
perature are used as a thermometer scale. We use the
thermometer to determine temperatures in 1D that are
significantly lower than the starting temperatures. We
are able to interpret this anomalous phenomenon by in-
voking an entropy argument and find that our data fits
well with the theoretical prediction. We attribute our
findings to the interplay of tight confinement and strong
interactions for bosons that are subject to fermionization.

The experiment starts with an interaction-tunable
3D Bose-Einstein condensate (BEC) of 1.5 x 10° Cs
atoms [30] prepared in the lowest magnetic hyper-
fine state |F,mp) = [3,3), held in a crossed-beam
dipole trap with trap frequencies w;,. = 27 X
(18.6(2),19.3(3),26.8(3))Hz along the three main axes
x,y, and z of the setup and levitated along the verti-
cal z-direction against gravity by a magnetic field gradi-
ent. The BEC is in the Thomas-Fermi regime with the
3D s-wave scattering length a,, tuned to as;p =~ 190ag.
One (or two) counterpropagating optical lattice beams
along the z- (and y-) direction are gradually ramped up
in 500 ms to a potential depth of V, = 30E, (V,=30E}),
with E, = 72h%/(2ma?) the recoil energy, cutting the
3D system into an ensemble of 2D layers that lie in
the z-y-plane (or an array of 1D tubes along the z-
direction), as sketched in Fig. 1A. Here, a = A\/2 is
the lattice spacing with A = 1064.5 nm the wavelength
of the lattice light. After loading the atoms into the
lattice, the initial crossed-beam dipole trap is ramped
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Figure 1. Sketch of the experimental setup and typical thermometry data for the various dimensions. (A) The
initial nearly spherical 3D BEC (center) is cut either into an ensemble of 2D layers (top) or into an array of 1D tubes (bottom)
via the optical force of one or two pairs of counter-propagating and interfering laser beams (arrows). The temperature scale
illustrates the normal and anomalous temperature change when the dimensionality is switched for two slightly different initial
conditions. (B) Example data for the temperature measurements in 2D (top), 3D (middle), and 1D (bottom). For 2D and 1D,
the calculated one-body correlation function G(l)(yc7 0) is plotted as a function of distance z/a for various temperatures (solid
lines, with the temperature indicated by the color coding) and compared to the measured data (blue circles). The experimental
statistical error from 20 repetitions is smaller than the size of the symbols. For 2D case, the system has a weighted atom
number N,p ~ 3950 with radial trapping frequency w2®/2m = 10.1Hz. For 1D case, the system has a weighted atom number
Nip ~ 63 with longitudinal trapping frequency w.” /27 = 14.3Hz. The scattering length is set to asp = 620ao for both 2D and
1D. The QMC calculations are under the experimental conditions and its error bars are less than 1%. For the 3D case, a typical
TOF dataset with the squared Gaussian waist o2 obtained from a bimodal fit as a function of the squared TOF duration tror
is presented. The linear fit (dashed line) directly gives the 3D temperature. The three insets are example TOF absorption

images for the respective dimensionality [29)].

down in 100 ms. For the layers, the trap frequencies are
Wy,y,z =27 X (10.1(2),10.1(2), 11k)Hz, and these change
t0 Wey,» = 2m x (14.3(2), 11k, 11k)Hz for the set of 1D
tubes. The offset magnetic field is then ramped up adi-
abatically to set as;p =~ 620ag. This takes the 3D BEC
into the strictly-2D regime with 2D interaction param-
eter v,, =1.5 or into the strictly-1D regime with Lieb-
Linger parameter v, = 20 [29]. For this value, the 1D
system is deep in the fermionized TG regime |3, 4].

We now detail the thermometer operation in the vari-
ous dimensionalities. The method for 3D is standard and
has been used widely in the past. In short, the temper-
ature is determined from the expansion rate of the non-
condensed fraction of the quantum gas in time-of-flight
(TOF) after switching off all trapping fields. Crucially,
the inter-particle interaction is zeroed at the start of TOF
by means of a Feshbach resonance’s zero crossing [30] to

avoid any residual interaction effects. Bimodal fits on the
density profiles for varying TOF-times give the 3D tem-
perature [29]. Typically, 8 different TOF-times are cho-
sen, and each time the experiment is repeated 2 times.
Fig. 1B provides the results of a typical measurement,
for which we find Ty, = 12.5(4)nK. In 2D and 1D, the
interacting gases do not show a bimodal distribution and
a Boltzmann fit cannot be done. However, the one-body
correlation function gV (z, 2/, y,y') = (Ui(a’,y)¥(z,y))
shows a decay that has a strong temperature depen-
dence. In the experiment, we determine it by a measure-
ment of the momentum distribution n(k) via the TOF
technique to obtain the integrated correlation function
GV (z,y) = [[ da'dy' g™V (' + 2,y +y,2',y') via Fourier
transform. We then compare it to the results of an ab-
initio quantum Monte Carlo (QMC) approach to simulate
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Cooling vs. heating and the physical picture behind anomalous cooling. (A) The final temperature of

the 1D system Ty (blue circles) as a function of the initial temperature of the 3D system T;. The error bars are smaller than
the size of the symbols. The analytical predictions are shown as orange and green solid curves. For this data, the 1D systems
are always deeply in the TG regime. The inset displays the low-temperature data for which cooling is observed. The letters a,
b, and ¢ mark data points that are referenced in C1 and C2. (B) Illustration of the configuration picture in 3D, 2D, and 1D
on the basis of the quantum harmonic oscillator. The green arrows indicate the effect of the non-zero temperatures. (C1-C2)
The entropy per particle S/Nkg for the 3D trapped system (blue line) and the 1D tubes deeply in the TG regime (red line) as
a function of the temperature 7. The experimental parameters are wg . = 27x(18.6,19.3,26.8)Hz and ‘N.p = 72 for the data
in C1 and wg,y,» = 27 % (29.4,27.1,39.9)Hz and N.p = 120 for the data in C2. The green dots reflect the three cases shown in
(A), among which a and b show the cooling effect, while ¢ shows heating.

the system [31]. Its many-body Hamiltonian is given by

N h2
H=3" [_%vg + V(fj)] +2 UG 1), (1)
J i<k

with U(f) the short-range repulsive two-body interaction
and V(r) the external harmonic potential. The func-
tion G(M(z,y) is then computed for various tempera-
tures using the worm algorithm. Note that simulating
one weighted tube (layer) gives us the same result for
G (z,y) as taking into account the whole atom distribu-
tion in the array of tubes (layers) [29]. Fig. 1 B presents
typical experimental data for G™)(z,0) in 1D and 2D and
compares the data to the results of the QMC simulations
for various temperatures. Clearly, the QMC data serves
as a very sensitive ruler for the temperature. For 2D,
we obtain T,, = 17(1) nK, and the temperature in 1D
is T,p = 9(1) nK. Evidently, the system is hotter in 2D,
and then colder in 1D. The 1D data can be cross-checked
using the analytical form of the correlation function. For
a trapped 1D TG gas it reads GV (z) ~ e~"%/% with
n = ksTa/(2h?ng) [32]. With ng=0.9/a and nex, = 0.48,
we find Taralvtical — 9 1 nK. This agrees well with the
QMC prediction.

The data above was taken for a specific set of parame-
ters. We now perform cross-checks by varying the initial
3D temperature, the trapping frequency, and the inter-
action strength to elucidate the mechanism behind the

anomalous cooling. For example, by changing the effi-
ciency of the evaporative cooling process in the initial 3D
dipole trap, we prepare 3D quantum-degenerate samples
at various initial temperatures 7T; with varying conden-
sate fractions [29]. These samples are then transferred
into 1D tubes and we measure the final temperature T’
as before. Such temperature data is shown in Fig. 2A.
Clearly, anomalous cooling occurs when the initial tem-
peratures are sufficiently low, i.e., 20 nK and below. Typ-
cially, we see a decrease of 20% to 40% from the initial
3D temperature, with a temperature difference that is far
more than 1-nK thermometer resolution. However, above
T; ~ 20 nK the dimensional change leads to heating.
Invoking the entropy picture sheds light onto the
anomalous cooling phenomenon and demonstrates the
important role played by the dimensionality of the quan-
tum many-body system. Fig. 2B illustrates the popula-
tion of the energy levels of the quantum harmonic oscilla-
tor in the different dimensionalities. When the dimension
of the system is reduced from 3D, two processes happen.
On one hand, the condensate nature of the initial system
is undermined. In 3D, the system is a nearly pure BEC
with a small non-condensed fraction at low temperatures.
Most of the atoms populate the ground state. In 2D, the
nature of condensate is weakened and the system exists
only as a quasicondensate with a decay of the first-order
correlations. This suggests an increase of the number of
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(A) Illustration of the configuration picture for the fermionized TG

gas, comparing to the one with a higher trapping frequency w, or a weaker interaction strength. (B1-B2) The measured 1D
temperature Ty as a function of the longitudinal trapping frequency w, (B1l) and the interaction strength v (B2). The black

dashed line indicates the initial 3D temperature T;.

possible configurations C in energy space for a given non-
zero temperature 7. In the extreme case of a strongly-
interacting gas in 1D, the system has fermionized. The
particles are filled into the energy levels as ideal fermions
and the excitations happen around the Fermi surface. On
the other hand, the degeneracy of the energy levels be-
comes less as the dimensionality is reduced. This leads
to the decrease of the number of possible configurations
C. Thus, as a result of the competition of these two pro-
cesses, one can reach a situation C,, > C,, > C,,. For
constant entropy, as a result of careful adiabatic loading
the lattice, one may thus obtain T\, < Typ < Top.

This physical picture is confirmed by calculations of
the entropy. For 3D trapped bosons [33], the en-
tropy is Sap = (TAC(3)/5v2)(15a.p N /o) >(T /hw)>/?
with A = 10.6, 0 = /h/m@ the oscillator length
and @ = (wywyw.)/3. In the 1D case, the entropy
Sip = —0 Qrg/0 T of a TG gas can be computed from
the grand potential Q7 [34], with the trap treated un-
der the local density approximation [29]. These entropy
curves are shown in Fig. 2C for our set of parameters.
Below a certain temperature T, the entropy for 1D is
higher than in 3D. When keeping the entropy constant,
the system’s temperature has to drop when the dimen-
sionality is reduced from 3D to 1D, see e.g. a and b in
Fig. 2A. Our data reflects this. Above T, a temperature
increase is expected. This is also captured by our data.
In Fig. 2A, we add the prediction for the temperature de-
crease resp. increase during dimensional reduction. Our
data fits the predictions reasonably well. Only for the
lowest temperatures we find a decrease that is not as

pronounced as predicted, most likely due to some small
non-adiabaticity during the lattice-loading process. We
note that the cooling mechanism observed here is rem-
iniscent of the adiabatic demagnetization cooling tech-
nique [35, 36]. However, in our case there is no dis-
crete spin degree of freedom into which entropy can be
pumped.

We next turn to the influence of a change of the lon-
gitudinal trapping frequency w, for the 1D systems. By
means of the crossed-beam trap, we can tune w, /27 from
14.3(2) Hz to 34.2(3) Hz. Our data, shown in Fig. 3B1,
shows that the 1D temperature then varies from 9 nK
to 21 nK. This confirms our entropy and configuration
picture: stiffening of the confinement reduces the num-
ber of accessible configurations, as shown schematically
in Fig. 3A, and hence leads to an increase of the temper-
ature. As is well know, adiabatic compression of a Boltz-
mann gas leads to heating, and decompression leads to
cooling. Indeed, our data shows that also a TG gas has
the same behavior. We note that the lower limit 14.3 Hz
for w, is set by the residual transversal trapping force of
the y- and z-lattice beams. Reducing this value would re-
quire some anti-trapping, which could be done by means
of an additional blue-detuned laser beam, and with this
even lower 1D temperatures should be possible.

We finally address the role of strong interactions. In
the experiment, after preparing the 1D tubes, we ramp
asp to a value between 7ag and 620ag, varying v between
0.1 and 20 by more than 2 orders of magnitude given
our typical atom number N [29]. We find a clear tem-
perature dependence on v as seen in Fig. 3B2 [29]. As



~ is increased, the 1D temperature drops continuously.
Above v/ 1 the temperature settles to a constant value.
Evidently, more configurations become accessible as the
system starts to fermionize, as sketched in Fig. 3A, lead-
ing to a reduction of the temperature, and beyond 7, ~ 1
the system’s fermionization is complete for a system in
equilibration.

In conclusion, we have realized a thermometer for
strongly-interacting 1D and 2D quantum gases. We are
capable of measuring temperatures for such strongly-
correlated systems in the low-nK range with 1-nK preci-
sion. With this thermometer, we have found that cooling
may occur as the dimensionality is reduced from 3D to
1D. Given such a thermometer, one can now optimize
the formation process of the low-D quantum gases, in
particular for the case of non-harmonic box-like trapping
conditions [37]. For example, a detailed probing of the
2D-to-1D crossover regime is possible [38]. The princi-
ple demonstrated here could be used to generate even
lower temperatures in a Carnot-cycle process. Next, a
variety of phenomena in low-D becomes accessible for
which the temperature plays an important role, such
as Anderson localization [15], the pinning [12] and Bose
glass transitions [16, 18], and out-of-equilibrium dynam-
ics with e.g. pre-thermalization [9], dynamical fermion-
ization [8], correlated transport [39], and the implemen-
tation of quantum-field machines [40].
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SUPPLEMENTAL MATERIAL

The atom number distribution

For the calculations of this paper, we use one single
layer or one single tube with a weighted average number
N given by

2
N = ZiNi
Zz‘Ni

with NV; the atom number of the i-th tube (or layer). This
method uses the atom number as a weight of itself and

(2)

w distribution of tubes 1 : 5 i
o~ © == = one weighted tube
Q
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Figure 4. Check that N is a proper input for

the numerical calculations. (A) The correlation function
GM(x,0) as a function of the position z/a for the same pa-
rameters as for the 1D experimental data shown in Fig. 1B of
the main text and for 7' = 9 nK. (B) The entropy per parti-
cle S/Nkg as a function of temperature T for a TG gas with

N =40 and w; = 27 x 14.3 Hz. The red dashed line indicates
the calculation for the case of one weighted tube, while the
black solid line assumes the distribution of tubes.

it takes into account that the tube with more atoms will
contribute more significantly to the physical properties of
the systems than tubes with less atoms. Such a standard
method has been used in previous works [27, 28, 45].
During the lattice-loading process almost all layers (2D)
or tubes (1D) are in the Thomas-Fermi regime for weak
repulsive interactions, so we can calculate the initial oc-
cupation number in each layer in 2D or each tube in
1D case through the global chemical potential and the
total atom number. In the following, we check that this
method is proper for the physical quantities studied here.
First, we compute the correlation function G™)(z,0) for
the 1D systems as done for the QMC calculations shown
in Fig. 1B of the main text, see Fig. 4 A. The results
for one single weighted tube agree with the calculations
for the full tube distribution. The difference is less than
5%, showing that the use of the weighted average atom
number is good enough for estimating the temperature
in low dimensions. Second, we check that also the result
for the entropy using one weighted tube agrees with the
calculation using the distribution of tubes. The results
are shown Fig. 4 B for a TG gas under the condition
N = 40 and w, =27 x 14.3 Hz. Also here we find good
agreement.

The interaction strengths in 1D and 2D are then deter-
mined by the using the weighted atom number. In 1D,
the coupling constant is [1, 46]

 2R2ay; (1 - 1.036%>1

9ip =
leL

3)

Iy

with [} = /h/mw, the characteristic transverse length,
and the 1D Lieb-Liniger parameter is hence given by
Yip = mg,p/h?na with the density 7 of the weighted
average tube. In 2D, the coupling constant writes [1, 47]

2h%\/2m
mly /asp + 1/v2m In(1/mq?13)

(4)
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Figure 5. Thermometer for 1D weakly-interacting
systems based on the momentum distribution. The
blue balls are experimental data with weighted atom number
Nip ~ 70, longitudinal trapping frequency w,/2m = 14.3 Hz
and 1D coupling constant mgma/h2 = 0.11. The momentum
axis is rescaled by aip=—2h*/mgip. The solid lines are the
results of QMC simulations for the same conditions as the
experiment for various values of the temperature as indicated.

with ¢ = +/2m|p|/F? the quasi-momentum, and p the

chemical potential corresponding to the weighted aver-
age layer. The 2D interaction parameter thus is vy,, =
MGon /h2.

Thermometer in the weakly-interacting regime

For most of the cases in the main text, we estimate the
temperature of the system by using the one-body cor-
relation function G™)(z,0). In the strongly interacting
regime, this quantity follows a purely exponential decay
and its decay exponent has a strong and clear depen-
dence on temperature. However, in the weakly inter-
acting regime, the correlation decay becomes slower and
it is not a purely exponential decay, which makes the
analysis more complicated. In this case, we extract the
temperature of the system directly from the momentum
distribution n(k;). This method has been used to esti-
mate the temperature of 1D weakly-interacting gases in
previous experimental studies [26, 48, 49]. In Fig. 5, we
present one example for N, ~ 70, longitudinal trapping
frequency w, /2w = 14.3 Hz and 1D coupling constant
mgipa/h? = 0.11, resulting in v ~ 0.2. Our QMC simu-
lations provide a thermometer scale with a temperature
sensitivity of §7 ~ 1.5nK, see the colored solid curves.
With the data from the range ka,p, < 20, the measure-
ment suggests 1D temperature T, = 11nK £ 1.5nK.
Notably, such an estimate for weakly-interacting gases
according to the small-k part of the momentum distri-
bution is similar to the one mentioned in Refs. [26, 48|.
Instead of using the analytical formula for the width of
the distribution, our calculation directly simulates the
continuous trapped system and avoids the local density

o Exp
— Gaussian
--TF

n(ks)

K

Figure 6. Bimodal fit for the momentum distribution
n(kz) in 3D. Example of the n(k.) for the 3D gas under a
50-ms TOF in Fig. 1 (B) in the main text with a bimodal fit.

approximation. We notice that the resolution of the ther-
mometer in the regime of weak interactions is not quite
as good as the resolution the regime of strong interac-
tions. This is due to the fact that for weak interaction
the system is less sensitive to the temperature due to the
more pronounced quantum coherence.

The preparation of different initial 3D temperatures

In Fig. 2 A of the main text we show how the final
temperature of the 1D system varies with the initial 3D
temperature. In the experiment, we are able to prepare
a 3D gas at different temperatures by changing the ef-
ficiency of the evaporative cooling process, i.e., varying
the trap depth through altering the power of the crossed
dipole beam. However, once the trap depth is modified,
the 3D trapping frequency and the weighted atom num-
ber in 1D are changed consequently, resulting in different
entropy for both cases in 3D and 1D, as shown in Fig 2 C.
To systematically compare the measured 1D temperature
to the theoretical predicted value that drawn as the or-
ange and the green solid lines in Fig 2A |, we have to keep
the 3D trapping frequency constant. So after evaporative
cooling, we first ramp up the power of the crossed dipole
beam to a fixed value, which provides a constant 3D trap-
ping frequency to wsp, = 27 % (18.6,19.3,26.8)Hz and then
load atoms into the lattice. However, such a trap depth
limits the reachable highest temperature for a 3D gas.
For preparing an even hotter 3D cloud, we need to in-
crease the power of the crossed-dipole beams setting the
final trapping frequency wsp, = 2w x (29.4,27.1,39.9)Hz.
This allows us to measure the 1D temperatures to the
predicted value given by the entropy curves in Fig 2 C1
and C2.

Moreover, we argue that the process of measuring the
3D temperature is accurate. The 3D temperatures in the
main text are all measured after ramping up the crossed



dipole beam for the desired w;,. In addition, the inter-
particle interaction is switched off during TOF expan-
sion. The resulting true momentum distribution n(k,)
shows an obverse thermal part that can be perfectly fitted
by a bimodal (Gaussian plus Thomas-Fermi), see Fig 6.
It help us to extract the 3D temperature accurately as
shown in Fig. 1B.

The imaging setup

Our setup consists of two lattice beams perpendicular
to each other along the y and z axes. There is an angle
of & ~ 57° between the propagation axis of the imag-
ing beam and the y-direction, see Fig. 7. However, x
axis is always perpendicular to the imaging beam. We
note that, to determine the temperature in any dimen-
sions, we capture our momentum distributions n(k;) or
the correlation functions G™(x,0) along the longitudi-
nal direction z in the main text, which is not affected by
this angle.

b
It
It
!

Figure 7. A schematic of our imaging setup and an
example of the image. (A) The vectors ky, k., ko and
the imaging direction (blue arrows) all lie in one plane, with
ko perpendicular to this plane, see also inset. The red 3D
ellipsoid along the k. direction indicates the atomic cloud
after TOF starting from an ensemble of 2D layers for V, =
0FE,. The light red 2D ellipsoid along the k,, direction is the
shadow in our absorption image. (B) The projected image
after TOF for the 2D case.

The entropy of the TG gas

The entropy of the TG gas in an harmonic trap can be
computed based on the equations in Ref. [34]. The grand
potential density €2 of a homogeneous TG system can be
expressed to the lowest order as

kT 3/2
Qu,T) = _Vm(ksT)""
hv2m
with p the chemical potential and f,(x) the completed

Fermi-Dirac integral at index j. Correspondingly, the
entropy density s of this point can be obtained by

fs2(p/kaT) ()

0w, T)

s(p, T) = 5T

(6)

Then, the presence of the harmonic trap can be taken
care of by using the local density approximation (LDA)
by taking the equation of state for the low temperature

TG gas, namely
2mp
n=4/ g2 (7)

This means that the entropy of the trapped system can
be expressed as

+R

Strap(N7 T) :/ dx s(,u(x),T) (8)

-R

under the constrain of the total number of particles
fj}? dr n(p — 1/2mw?z?) = N.
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Dimensionality plays an essential role in determining the nature and properties of a physical
system. For quantum systems the impact of interactions and fluctuations is enhanced in lower
dimensions, leading to a great diversity of genuine quantum effects for reduced dimensionality.
In most cases, the dimension is fixed to some integer value. Here, we experimentally probe the
dimensional crossover from two to one dimension using strongly interacting ultracold bosons in
variable lattice potentials and compare the data to ab-initio theory that takes into account non-
homogeneous trapping and non-zero temperature. From a precise measurement of the momentum
distribution we analyze the characteristic decay of the one-body correlation function in the two
dimensionalities and then track how the decay is modified in the crossover. A varying two-slope
structure is revealed, reflecting the fact that the particles see their dimensionality as being one or
two depending on whether they are probed on short or long distances, respectively. Our observations
demonstrate how quantum properties in the strongly-correlated regime evolve in the dimensional

crossover as a result of the interplay between dimensionality, interactions, and temperature.

Understanding the effects of interactions in a quantum
system is one of the central problems of the field of quan-
tum many-body physics. Interactions lead to phases of
matter with remarkable properties, such as superfluid-
ity or fractional quantum Hall conductance [1, 2]. Quite
crucially such effects are intimately linked to the dimen-
sionality of the system. Lower dimensions usually re-
inforce the effects of interactions, as well as of quantum
and thermal fluctuations, allowing for even greater devia-
tions from the physics of non-interacting systems. Taking
interacting bosons as a comparatively simple example,
these go from robust three-dimensional (3D) superfluids
with Bogoliubov quasi-particle excitations [3] to quasi-
long-range ordering with Berezinski-Kosterlitz-Thouless
(BKT) topological phase transitions in 2D [4, 5] and
to Tomonaga-Luttinger liquids in 1D [6], where quasi-
particles do not exist and collective fermionization occurs
[7-9] for strong interactions.

In most systems, the dimensionality is fixed once for
all and the various phenomena are studied indepen-
dently. There is, however, a very interesting class of
systems for which the effective dimensionality can be
controlled via parameters such as temperature, confine-
ment lengthscale, or observational lengthscale. Exam-
ples of systems that feature such a dimensional crossover
[10] are organic conductors and superconductors [11, 12]
made of weakly coupled one-dimensional chains, or high-
temperature superconductors made of weakly coupled
planes for fermions [13], or coupled chains and ladders for
bosons [14-18|. Needless to say, in such systems one of
the crucial questions is to understand how the dimension-
ally different phases are linked together upon a variation
of temperature, tunnel coupling, or distance, and how the
high-dimensional phases are influenced by the exotic low-

dimensional physics coming from the high-temperature
or short-distance regime. Doing so requires however an
excellent degree of control and the right range of parame-
ters such as tunnelling vs temperature, which is a strong
challenge in material research for condensed-matter real-
izations.

In this work, guided by a recent theoretical study [19],
we present the first experimental observation of the quan-
tum correlation properties for strongly-interacting cold
atomic bosons in the dimensional crossover from 2D to
1D. In recent years, cold atoms [3] have provided, due
to their remarkable degree of control of the microscopic
Hamiltonians, a remarkable alternative playground to
address strongly-correlated quantum matter [20]. First
studies have been carried out for weakly interacting gases
addressing non-equilibrium dynamics [21-23], excitation
spectra [24] and transverse superfluidity [25] in regimes
when the dimension is not strictly integer. However,
testing the quantum correlation properties predicted in
Ref. [19] is not possible when interactions are weak. Our
Cesium quantum gas, on the contrary, offers the possi-
bility of strong correlations and thus to have a clear dis-
tinction between the two integer dimensionalities, which
prompts us to follow the evolution during the dimen-
sional crossover. With quantum Monte Carlo (QMC) cal-
culations, we benchmark the experimental data at both
D = 2 and 1. Within the dimensional crossover, we
observe a two-regime structure for the first-order cor-
relation function. We explicitly show how the system
evolves from a 2D gas with BKT algebraic decay for the
correlation function to a system of coupled 1D tubes with
exponential decay, and how it finally becomes a system
of incoherently coupled 1D tubes.

The experimental sequence starts with an interaction-
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units, namely a. 2D layers and b. 1D tubes.

Conceptual sketch of the experiment. Starting from a 3D BEC, we generate an ensemble of low-dimensional
(c-f) Schematic plots for the evolution of one particular layer during the

dimensional crossover, where the quantum gas goes from 2D (c), to modulated 2D (d), to coherently-coupled 1D (e), and then
to incoherently-coupled 1D (f) by continuously increasing the lattice depth. The blue color in (c-d) indicates the high-density

regime where superfluid regions appear.

tunable 3D Bose-Einstein condensate (BEC) containing
typically 1.5x10° Cs atoms prepared in the lowest mag-
netic hyperfine state |F,mp) = |3,3), held in a crossed-
beam dipole trap and levitated against gravity by a mag-
netic field gradient [26]. The temperature of the 3D BEC
is 10(1) nK as determined from a small non-condensed
fraction in time-of-flight (TOF) measurements. With the
3D s-wave scattering length set to asp ~ 200ag, the BEC
is in the Thomas-Fermi regime. A 2D optical lattice with
lattice beams along the y and z directions with a lat-
tice spacing @ = A\/2=0532 nm is gradually ramped up
in 500ms to a target value, with A the wavelength of
the lattice light. The lattice depth along the z direc-
tion is always set to V, = 30E,, with E, =72h?/(2ma?)
the recoil energy, resulting in tight transversal harmonic
trapping with trap frequency w,/2r=11kHz. Along the
y-direction, the lattice depth V}, is varied in the range
from 0 to 30E,. At the two limiting values V,,/E, =0 and
30 the system forms an ensemble of 2D layers and an ar-
ray of 1D tubes, respectively, see Fig. 1. With the lattice
beams providing also some transversal confinement, the
trapping frequency w, along the third direction varies
from w, /27w =10.1(2) Hz for V,=0 to w,/2m=14.3(2) Hz
for V,, =30E,.

After loading the atoms into the lattice, the offset mag-
netic field B is ramped adiabatically to tune asp to 620ag.
This sets the 2D interaction parameter to v,, =1.5 in
the strictly-2D regime and the Lieb-Linger parameter to
~1p =40 in the strictly-1D regime (see Methods), putting
our systems in the strongly-interacting regime in both

integer dimensions |20, 27, 28|. In 1D, the interaction is
strong enough that the so-called Tonks-Girardeau regime
is entered, where the 1D bosons show fermionized be-
havior [7-9]. Given the lattice along the y direction, we
are able to accurately control the dimensionality of the
strongly-interacting bosonic system. By increasing Vj
continuously, the system goes through the whole dimen-
sional crossover from 2D to 1D. As Vj, rises, each single
layer goes through various regimes, namely: strictly 2D
(S2D), modulated 2D (M2D), coupled 1D tubes (C1D)
and isolated 1D tubes (I1D), as illustrated in Fig. 1 (c¢-f).

The main quantity we concentrate on is the one-body
correlation function g™ (z, 2/, y,y") = (Ui (', ¢/ ) (2, y)),
which allows us to extract the quantum coherence prop-
erties of the cold atomic gas. In our experiment, ¢ is
measured via the TOF technique. After loading the lat-
tice, we hold the gas in the trap for 50ms. We remove
all trapping potentials for 56-ms TOF with zeroed inter-
actions [29], followed by absorption imaging. The TOF
duration is long enough to satisfy the far-field approxima-
tion. Given the interaction zeroing, the measured density
distribution is a faithful representation of the 2D resp.
1D momentum distribution n(ks, k). Fourier transform
then gives the information of g(*). Specifically, we obtain
the integrated correlation function

G (z,y) = // da'dy (W (o' + 2,y +y)U(y). (1)

The typical decay with distance is very distinct and its
analytical form in the homogeneous case for the different
integer dimensionalities has been calculated. In 2D, g(")
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Characteristic decay of the longitudinal correlation function G (z,0). Measured G (x,0) in the two

integer dimensions (al-b2) and in the dimensional crossover (c) as a function of longitudinal distance z/a. In al and a2 (bl and
b2), the data (circles) for the 2D (1D) case with V,,/FE. =0 (V,/E: =30) is plotted on a log-log resp. semi-log scale, averaged
over 30 repetitions of the experiment, and is compared to the QMC calculations (solid lines). For the data in ¢, the strength
of the transversal lattice V), is varied as indicated. The dashed lines are linear fits of the long-range behavior in the semi-log

scale. Their slopes vary by less than 10%.

is expected to decay as

98 (x,0) ~ {

[r|7*®, T < T,
emolrl T T

2)
with 2D distance r. Below the critical temperature Tc
given by nsA%(T,) =4 the decay is algebraic with a BKT-
type exponent a,p, =1/ngA\%, where ng is the 2D super-
fluid density and At is the de Broglie wavelength [20, 27].
Above T, the decay is exponential with a thermal expo-

nent 7., = T% where n is the 2D density. In the
Te T
strict 1D limit, g(*) is expected to exhibit various decay

regimes at different distances

" R TP g << €(T)
giv (2,0) {e_"mz, x> &(T) (3)

Above a short-range cutoff xy (which is less than the

typical experimental resolution) gg) decays algebraically
with a Tomonaga-Luttinger-liquid-type exponent o, =
1/2K, where K is the Luttinger parameter. For larger
distances above the thermal length &(7T') =2uK/(wkgT),
it decays exponentially with exponent n,, = 1/£(T).
Here, u is the sound velocity in the 1D gas [6, 28]. No-
tably, for T" > 0, the regime of the exponential decay
always exists.

Our results for G (z,y = 0) of the trapped system
in the two integer-dimension limits and in the crossover
regime are displayed in Fig. 2. In 2D, the decay is al-
gebraic for short distances and then turns over into an
exponential decay. In 1D, the decay is clearly exponen-
tial. The QMC calculations recover these two regimes

well. In the dimensional crossover regime, we observe a
two-structure decay pattern as shown in Fig. 2 (¢) and
discussed in more detail below.

For the 2D case, our data suggests that the change
of the decay behavior from an algebraic to an expo-
nential happens around r ~ 5a. Fitting the data with
GM(2,0) ~ x~* in the range of 7 < 5a and G (z,0) ~
e~"20%/% in the range of 5a < r < 10a gives a = 1.1(1)
and 7,5 =0.36(1). The BKT-type algebraic decay is con-
sistent with the existence of a superfluid core in the center
of the trap (blue region in Fig. 1 (c)). At larger radii, a
ring of normal fluid is formed, which contributes to the
exponential decay (red region in Fig. 1 (c)).

The validity of such a simple model approach can be
checked by QMC calculations. We use the continuous
space path-integral MC method to simulate the system
within the grand-canonical ensemble at finite tempera-
ture. In each layer, the system is modeled by the ele-
mentary many-body Hamiltonian

-y [_;_mv§ ; v@} LS UG - ()

i<k

with #; = (x;,y;) the position of the j-th particle. The
term U (f) models the short-range repulsive two-body in-
teraction, see Methods. The external potential reads
V(r) = mw?|r|?/2 + V, cos?(ry/a), consisting of a 2D
harmonic trap and a unidirectional lattice. The corre-
lation function G (z,y) is computed by the worm al-
gorithm implementation [19, 30]. We simulate a sin-
gle layer given the experimental conditions, namely with
a weighted atom number N,, = 4000 (see Methods and
Refs. [31, 32]) and for strong interactions a;p,=620ay. We
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Figure 3. Illustration of the mechanism behind the
first-order correlation function and its interpretation.
(a) On short distances, the particles have less chance to tunnel
into the neighboring tubes. They perceive their world as 1D.
(b) For longer distances, the particles have more opportunity
to tunnel between the tubes. The 2D character takes over.

find that our experimental data is well fitted by the QMC
calculation when the temperature is set to T=16nK.

In the 1D limit, the experimental data shows an ex-
ponential decay over the full range 0 < z < 10a, see
Fig. 2 b1l and b2. Given the strong interactions, the 1D
system is deeply in the Tonks-Girardeau regime. In this
regime, the exponential decay of the correlation function
has been calculated under trapping conditions [33], giv-
ing G (x) ~ e~mp?/% with n,, = mkgTa/2h?ny and
no the 1D particle density in the center of the trap.
Fitting the experimental data with this formula gives
mp = 0.53(1). This is consistent with the QMC simu-
lation with weighted atom number N,, =25 and center
particle density nga=0.51 for a temperature of T=7nK.
As a cross check, by using this temperature value and
noga=0.51 for the central density, the analytical formula
gives Nestimate = 0.52. This fits well with the experimen-
tal data. Note that, thanks to the strong interactions,
the 1D decay constant differs greatly from the one in
2D. Note also that the temperatures in the three inte-
ger dimensions, 10(1), 16(1), and 7(1) nK, determined as
discussed above, are strikingly different. This will be the
subject of a forthcoming publication [34].

Our data shows that both the short-range and the long-
range behavior of G()(z,0) is subject to a significant
modification as the dimensionality is switched from 2D
to 1D. But how does this behavior evolve as the dimen-
sionality is continuously changed, i.e., in the dimensional
crossover regime? One naive guess could be the corre-
lations decay faster at all distances as the full pattern
smoothly evolves from 2D to 1D. Remarkably, we observe
a different behavior, namely that the short-range behav-
ior is governed by a stronger decay, while the long-range
behavior still remains the same as in strictly-2D. This is
seen in our data in Fig. 2 ¢ as the transversal potential
Vy is set to intermediate values. Although the long-range
2D decay region shrinks as the potential V, is increased,
it maintains the same decay G)(z,0) ~ e~"2P% in 2D.

This behavior can be explained by the sketch in Fig. 3,
similarly to the statement made for homogeneous sys-

tems in Ref. [19], and it is a direct visualisation of
the mechanism that is behind the correlation function
gV (z, 2’ y,y) = (Ui (2’ y)¥(z,y)): The probability am-
plitude of creating a particle at position =’ and then de-
stroying it at position . When |z — 2’| is small, the
particle will have less chance to tunnel into one of the
neighboring tubes, and less so for higher values of the
lattice depth. Thus, for short distances, the particles see
themselves as living in 1D. Conversely, when |z — /| is
large, the particles have more opportunity to tunnel be-
tween the tubes. In essence, they perceive their world as
being 2D. As a consequence, the short-range character
of the system will mimic the 1D behavior first, while the
long-range behavior remains well described by the be-
haviour observed in 2D, as the transversal confinement
is strengthened.

We now turn to the short-range behavior of G (z,0)
in the dimensional crossover regime. To capture the tran-
sition from a 2D-power-law to a 1D-exponential decay,
we use a Pearson correlation coefficient analysis by com-
puting P(X,Y) = cov(X,Y)/oxoy for the data sets
(z,Jlog GM) and (logz,log GM) in the range 1.7 <
xz/a < 4.5. The value P(X,Y) is a measure for the lin-
earity of the dataset, and with the semi-log and log-log
rescaled data it allows us to distinguish between algebraic
and exponential decay. The results are shown in Fig. 4
a. The decay is closer to algebraic when V, < 10E;.
Around V,, = 10E;, the decay becomes an exponential.
Our data can be further examined on the basis of its
statistical fluctuations by computing the normalized y?
parameter for the algebraic and exponential fits [35], see
inset of Fig. 4. We compare the data to 1 4+ 50 (grey
area), where o is the standard deviation of x? [36]. For
the two limits V,,/E, < 7 and V,,/E, > 15, we find that
the x2 values of the algebraic and exponential fits drop
well into the grey area. This agrees with the result of the
Pearson analysis.

Our data shows that the crossover from M2D to C1D
happens around 10E,. This value sets the scale of the
tight-binding regime and fits with the theoretical predic-
tion [19, 20]. This is consistent with the behavior of x?
in the range 7 < V,,/E, < 15, where none of the two
x? values is close to 1 within reasonable statistical fluc-
tuations. This can be understood in the context of our
model, predicting a coexistence of the two decay behav-
iors. Note that the exact crossing point of the two P
values may change for varying temperatures, interaction
strengths and particle numbers.

We finally turn to another quantity that
also sheds light onto the dimensional crossover.
The transverse zero-momentum fraction f¢¥ =
>k, k2, 0)/ 325, k, ke, ky) reflects  the coherence
along the transversal direction [37], see Methods. As can
be seen in Fig. 4 b its value strongly drops across the
M2D regime. The decay slows down in the C1D regime.
Finally, in the I1D regime, it saturates and fits well with
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Figure 4. Dimensional crossover analysis. (a) Pearson

correlation coefficient P as a function of the lattice depth V,
for the data in log-log (green triangles) and semi-log scale
(blue squares). The shaded regions reflect the error and
they are determined by shifting the window to calculate P
by Az =40.25a. The inset gives the x? value for the data,
with the grey region indicating the targeted area in view of
statistical fluctuations. (b) Transverse zero-momentum frac-
tion f¥ as a function of V. The data (circles) is the average
of 30 repetitions, and the statistical error bar is smaller than
the symbol size. It is compared to the value for the ground
state of quantum harmonic oscillator (red dashed line).

the prediction of the zero-momentum component for the
ground state of the quantum harmonic oscillator. Such
a prediction fails in the M2D regime because the system
evolves into a higher dimensionality and gains more
coherence. The behavior of our data is in agreement
with the prediction for the homogeneous case [19].

In conclusion, we have presented an experimental
characterization of the 2D-1D dimensional crossover for
strongly-interacting bosons from the BKT to the Tonks-
Girardeau regime. We have tracked the continuous evo-
lution of the correlation function and the transverse zero-
momentum fraction and we have shown experimentally
that the short-range behavior acquires the 1D charac-
ter first, while the long-range behaviour remains 2D, in
agreement with the theoretical expectation. The short-
range decay of ¢(!) evolves continuously from algebraic

to exponential as captured by the Pearson correlation
coefficient. Our experimental measurements provide the
first evidence of such a two-region structure during the
dimensional crossover. In principle, such behavior is also
expected at the dimensional crossover between other di-
mensionalities (i.e., 3D-1D, 3D-2D), which could lead
to further extensions of our observations. We expect
that our work will trigger the study of the dimensional
crossover in other types of systems, both on the bosonic
and the fermionic side. Understanding such a crossover
for fermionic systems will in particular be directly rele-
vant for a host of condensed-matter realizations, such as
quantum spin chains or organic and high-temperature su-
perconductors, which exhibit the very anisotropic struc-
ture discussed in this paper, as well as very unusual prop-
erties.
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METHODS
Preparation of the experiment

Our experiment starts with a 3D Bose-Einstein
condensate (BEC) containing typically 1.5 x 10° Cs
atoms prepared in the lowest magnetic hyperfine state
|F,mp) = 13,3), held in a crossed-beam dipole trap
with a 3D trapping frequency wyy ,/27 = (15,8,17)Hz.
It is levitated against gravity by means of a magnetic
field gradient VB ~ 31.1 G/cm oriented along the ver-
tical direction, i.e., x-direction in the main text. The
3D s-wave scattering length set to a;p ~ 200a¢ where
the BEC is in the Thomas-Fermi regime. The details
of the trapping and cooling procedures are described in
[26, 29]. To prepare an ensemble of 2D Bose gases or an
array of 1D gases, we adiabatically load the BEC into
an optical lattice, generated from two orthogonally and
horizontally propagating retro-reflected laser beams at
a wavelength A = 1064.5 nm. After the loading pro-
cedure the lattice depth in z-direction is always set to
V., = 30E,, with E, = 72h%/(2ma®) = h x 1.325 kHz



denoting the recoil energy for Cs atoms. The lattice re-
sults in a tight transversal harmonic trapping frequency
of w,/2m =11kHz. The weak radial confinement in 2D
and the longitudinal one in 1D caused by the combined
lattice trapping potentials give w?2” /27w =10.1(2) Hz and
wiP/2m =14.3(2) Hz. During the loading process almost
all layers (2D) or tubes (1D) are in the Thomas-Fermi
(TF) regime for weak repulsive interactions, so we can
calculate the initial occupation number in each layer in
2D or each tube in 1D case through the global chemical
potential and the total atom number [31, 32]. With the
calculation N = >, N?/Y", N; and N; the atom num-
ber of the i-th tube (or layer), we obtain the weighted
average number N, = 4000 in 2D and N,, = 25 in 1D.
In the lattice, we adiabatically raise the 3D scatter-
ing length to a;p =620a¢ by means of a broad magnetic
Feshbach resonance [29]. The ramp time (50 ms) is cho-
sen carefully, i.e., slow enough to avoid any excitations
of breathing modes in the gas. In both the 2D and 1D
regimes, we calculate the coupling constants g to

N 2h%\/ 21
T mly Jasp +1/V2rIn(1/7g?12)’

282 a4 ( L 1.036a3D>1
mli lJ_

()

92p

(6)

9ip =

with I, = y/h/mw, the characteristic transverse length,

q = \/2m|p|/h? the quasi-momentum, and p the chemi-
cal potential. The interaction regime of the system can
further be captured by the 2D interaction parameter
Yoo = Mgop/h? = 1.5 and 1D Lieb-Liniger parameter
Yip = mgip/h*na = 40. The criteria for the strongly
interacting regimes in 2D and 1D are given by v,, > 1
and v,p, > 1 |20, 27, 28], respectively.

Amplitude-amplitude correlation function G(l)(:c7 0)

In the present work, we study the integrated correla-
tion function of the trapped system

G (z,y) = // de'dy (W (o + 2,9/ + ) o). (7)

For a homogeneous system, this value can be linked
with the one-body correlation function ¢ (z,y) =
(Uh(2,9)¥(0,0)) by G (z,y) = gV (x,y)L,L,, with
L., L, the system sizes along the x,y-directions. Note
that, due to the break of translational invariance in the
trapped system, such a relation is not valid anymore and
we have to focus on the quantity G)(x,y). Thanks to
the correspondence of reciprocal space, it can be linked
to the momentum distribution n(k) by Fourier transform

GV (x,y) = D nlka, ky)e F" R AL, Ak, (8)
ko ky

In the experiment, the momentum distribution n(k,, ky )
is obtained by performing a time-of-flight measurement
while Ak, and Ak, are the resolutions in momentum
space, limited by the imaging camera’s pixel size. For
this, applying a discrete Fourier transform on n(k,)Ak,
results in the integrated amplitude-amplitude correlation
function G(M(x,0) as plotted in Fig 2.

Resolving the image angle for the zero-momentum
fraction

Our setup consists of two lattice beams perpendicular
to each other along the y and z axes. There is an angle
of 6 ~ 57° between the propagation axis of the imaging
beam and the y-direction, see Fig. 5. To determine the
momentum distribution n,(k,), we need to deconvolve
the measured one n, (k). Specifically, the vectors k,,
k. and k, lie in one plane and hence k, can be expressed
in terms of k,, and k,. The measured n,(k,) can thus
be written as a product of the momentum distributions
ny(ky) along y- and n,(k,) along z-direction

K k.
sinf tan@

o) = [ (o k., (9)

which is a convolution of n, and n,. Since V, = 30E,,
n,(k,) is well approximated by the ground state of the
harmonic oscillator. Thus, deconvolving and applying
the inverse Fourier transform on the functions n, and
n,, gives us n,. We then take the atom number within

Ak, = 2w /L, to calculate the zero-momentum fraction.

ky k

h
h
It
!

Figure 5. A schematic of our imaging setup and an
example of the image. (a) The vectors ky, k., k. and the
imaging direction (blue arrows) all lie in one plane, with k,
perpendicular to this plane, see also inset. The red 3D ellip-
soid along the k. direction indicates the atomic cloud after
TOF starting from an ensemble of 2D layers for V,, = 0E.,.
The light red 2D ellipsoid along k., direction is the shadow in
our absorption image. (b) An example of a projected image
after TOF for V, = 0FE,.

The quantum Monte Carlo calculation

The numerical computation of the one-body correla-
tion function G(M (x, y) is carried out by the path integral
Monte Carlo method [42]. Similarly as Refs. [19, 43, 44],
we simulate the system with the Hamiltonian in Eq. 4



in the main text within the grand canonical ensemble, at
finite temperature T, interaction strength g, and chem-
ical potential p (equivalently particle number N). No-
tably, the two-body interaction propagator is generated
by the pair-product approximation and generalized to
any interaction regimes, for details see Ref. [30]. We take
into account the presence of both the continuous optical
lattice and the harmonic trap, with the same parameters
as for the experimental setup. By properly adapting the
numerical parameters, we can simulate 2D systems up
to sizes of 130a and particle numbers 5000. Moreover,
thanks to the worm algorithm implementations [45, 46],
we can extended our simulations to the open wordline G
sectors, where the statistics of creation and annihilation
operators with open ends at (z',y') and (' + z,y' + ¥)
are counted. This enables us to calculate the one-body
correlation function defined in Eq.1 of the main text.
For symmetry reasons, it is sufficient to calculate it to
half of the system size. The numerical calculations make
use of the ALPS scheduler library and statistical analysis
tools [38—40].
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