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Introduction to cold atomic gases 
William D. Phillips 

National Institute of Standards and Technology, Gaithersburg, MD, USA 

 

After a brief discussion of the original motivation for and the current focus of cold atom 

research, and an introduction to radiative forces on atoms, I will describe laser cooling, 

both Doppler cooling and sub-Doppler (polarization-gradient cooling) along with their 

temperature-cooling-limits.  A discussion of electromagnetic trapping of atoms will 

include optical dipole traps, magnetic traps, and magneto-optical traps for neutral atoms as 

well as Penning and Paul (rf) traps for ions.  I will describe the production of and the 

characteristics of quantum degenerate gases, especially Bose-Einstein 

condensates.  Optical lattices and the behaviour of cold atoms in such lattices, along with 

some of the current research directions in this area will be covered as time permits. 

  



Quantum computing and simulation 
Ignacio Cirac 

Max-Planck-Institut für Quantenoptik, München, Germany 

 

Quantum many-body systems are very hard to describe with classical devices as the 

computational resources grow exponentially with the number of particles, or the system 

size. Quantum computers offer efficient methods to address problems in that area, since 

they can naturally encode many-body quantum states. Another approach is based on 

analogy quantum simulators, which consist of systems that can be tamed and controlled 

such that they implement the problem one wants to solve. In these lectures I will give a 

brief introduction to quantum computers and quantum simulators, concentrating in their 

ability to address problems in quantum many-body systems. I will also review current 

experimental efforts to build those devices and the prospects to display advantages with 

respect to classical computers. 

  



Strongly correlated quantum systems: Theoretical approaches 
Jordi Boronat 

Universitat Politècnica de Catalunya, Barcelona, Spain 

 

We will review the theorical approaches to deal with a quantum system in the limit of zero 

temperature. Starting from perturbative approaches to the equation of state of a Bose gas, 

we will determine their validity as a function of the gas parameter. To go beyond, we will 

introduce variational theory based on Jastrow-like model wave functions. We will discuss 

on the diagrammatic expansion which leads to the hypernetted-chain equations.  

To overcome the limitations of that theory we will introduce basics on Monte Carlo 

integration. We will describe the variational Monte Carlo method as the best tool for 

variational approach to the problem 

Finally, we will go a step further by introducing projector Monte Carlo methods which 

allow for an exact description of the many- body ground state. Simulation of fermions and 

the problems related to the non- positivity of their wave function will also be addressed. In 

the second lecture, we will introduce the path- integral formalism based on Fenynman 

ideas. With this hand, we will show how this quantum mechanics language is very 

powerful to deal with finite- temperature simulations of quantum systems. We will discuss 

on how to implement these ideas in a path integral Monte Carlo program. Example of 

applications to real systems will also be shown. 

 

  



Topological matter explored with quantum gases 
Jean Dalibard 

Laboratoire Kastler Brossel, Paris, France 

 

How can one classify the states of matter? Beyond well-known arguments based on 

geometrical symmetries, the application of concepts originating from topology is currently 

leading to fascinating developments. These concepts were initially proposed in condensed 

matter physics in order to describe the Quantum Hall effect, and they are now spreading 

over many fields of research, notably in atomic physics and optics. 

 

In these lectures based on the recent review articles [1,2], I will present some robust 

properties that characterize topological matter, which persist when one modifies the system 

parameters or add some disorder. I will also explain how these concepts can lead to novel 

devices that take advantage of topological robustness, notably in photonics. 

 

[1] N. R. Cooper, J. Dalibard and I. B. Spielman, arXiv:1803.00249, Topological Bands 

for Ultracold Atoms. 

[2] T. Ozawa, H.M. Price et al., arXiv:1802.04173, Topological Photonics. 

  



Cold molecules and quantum chemistry 
Tanya Zelevinsky 

 Columbia University, New York, USA 

 

The first lecture will describe the advantages and challenges of working with cold 

molecules rather than cold atoms.  We will discuss what defines the cold and ultracold 

regime in collisions and reactions, and how quantum state control is achieved in this 

regime with a variety of experimental approaches.  We also discuss the level of complexity 

of intermolecular processes that can be carried out and understood from the quantum 

mechanical first principles.  In the second lecture, we discuss the applications of cold 

molecules in precision measurement, quantum chemistry, and quantum information, with a 

particular relevance to the upcoming ICAP talks. 

  



Measurement at the quantum frontier 
Jun Ye 

JILA University of Colorado, Boulder, USA 

 

 He will discuss the use of quantum matter for a new generation of atomic clocks and 

related studies of quantum many-body physics.  More specifically, I will cover basic 

atomic physics of alkaline earth atoms that provide new capabilities for precision 

measurement and quantum science, and I will present modern approaches to control of 

optical fields that are important for light-matter interactions.  I will discuss the importance 

of ultracold matter and the application of quantum state engineering of atoms for precision 

measurement.  This topic will then be naturally connected to the discussion of quantum 

many-body physics.  I will end on a note that emphasizes the importance of the unified 

front of precision measurement and quantum physics in building bridges across different 

disciplines of physics and fostering new capabilities to probe fundamental and emerging 

phenomena.  

  



Quantum matter built from nanoscopic lattices of atoms and 

photons 
Jeff Kimble 

Caltech, Pasadena, California, USA 

 
New paradigms for optical physics emerge with lattices of atoms trapped in one and two-

dimensional photonic crystals. Exemplary experimental platforms include photonic crystal 

waveguides and cavities. Owing to their small optical loss and tight field confinement, 

these nanoscale dielectric devices are capable of mediating long-range atom-atom 

interactions using photons propagating in their guided modes. In a complimentary fashion, 

long-range interactions between photons can be mediated by an underlying lattice of 

atoms. Such systems have the potential to provide new tools for quantum phases of light 

and matter, scalable quantum networks, and quantum metrology. 

 

Bringing this future of atom nanophotonics to fruition requires the creation of an 

interdisciplinary ‘toolkit’ for the control, manipulation, and interaction of atoms and 

photons with a complexity and scalability not currently possible. I will give an overview of 

theoretical prospects for new physics and review experimental progress in this nascent 

field at the interfaces of nano-photonics, atomic physics, and quantum optics. 
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Multipartite Einstein-Podolsky-Rosen steering sharing with
separable states

Yu Xiang1,2, Xiaolong Su2,3, Ladislav Mǐsta, Jr.4, Gerardo Adesso5 and Qiongyi He1,2

1 State Key Laboratory of Mesoscopic Physics, School of Physics, Peking University,
Collaborative Innovation Center of Quantum Matter, Beijing 100871, China

2 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
3 State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics,

Shanxi University, Taiyuan 030006, China
4 Department of Optics, Palacký University, 17. listopadu 12, 771 46 Olomouc, Czech Republic

5 Centre for the Mathematics and Theoretical Physics of Quantum Non-Equilibrium Systems (CQNE),
School of Mathematical Sciences, The University of Nottingham, Nottingham NG7 2RD, United Kingdom

e-mail: xiangy.phy@pku.edu.cn

Distribution of quantum correlations among re-
mote users is a key procedure underlying many quan-
tum information technologies. Einstein-Podolsky-
Rosen (EPR) steering, which is one kind of such cor-
relations stronger than entanglement, has been iden-
tified as a resource for secure quantum networks.
However, in general it is harder to establish EPR
steering than entanglement and it is not practical
to require that all users in a quantum network are
capable of producing steerable states. In this work,
we propose a protocol that can distribute EPR steer-
ing among many parties in continuous variable (CV)
Gaussian states by transmitting a separable ancilla
mode between the users. By preparing locally ini-
tial quantum states and performing suitably tai-
lored local correlated displacements on them, we can
distribute rich steering properties, such as one-way
Gaussian steering in two-users scenario, as shown in
Fig. 1(a), two-way steering and collective steering
which can be used for CV Quantum Secret Sharing
in three-users scenario, as shown in Fig. 2(a), and so
on.
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Figure 1: (a) Sketch of the one-way Gaussian steering
distribution protocol. The best distributed steerability
is recovering the steerability in the tripartite entangled
state created by the optical network, as illustrated in (b).

In particular, we derive analytical thresholds on
the displacements as a function of the squeezing de-
gree of the initial states such that the protocol suc-
ceeds, and prove that the largest steerability that
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Figure 2: (a) Scheme for distribution of tripartite Gaus-
sian steering via a separable state. (b) Optical network
with the same amount of steering as the optimal scheme
with displacements.

can be distributed recovers that of the multimode
states created by the same optical network without
the correlated displacements shown in Fig. 1(b) and
Fig. 2(b). This means that the displacements only
make the transmitted ancilla mode separable from
the rest without reducing the amount of steering. No-
tably, all the modes used for the distribution are sepa-
rable from the users, so the eavesdropper cannot deci-
pher any useful information from the channel, making
the protocol robust against loss and leakage in long
distance transmissions. We further present a modi-
fied scheme with a relaxed condition that the ancilla
is nonsteerable instead of separable from the users,
yielding a broader range of parameters for which the
protocol works.

Our findings reveal that not only entanglement
but even steering can be faithfully distributed across
multi-user networks with minimal resources and re-
alized under current technology. Viewed from a dif-
ferent perspective, the present protocols also demon-
strate that one can switch multipartite states between
different steerability classes by operations on parts of
the states.

[1] Y. Xiang, X. L. Su, L. M. Jr., G. Adesso, Q. Y.
He, arXiv: 1801.08758.



Spatially distributed genuine multipartite entanglement enables
EPR steering of Bose-Einstein condensates

P. Kunkel1, M. Prüfer1, H. Strobel1, D. Linnemann1, A. Frölian1, T. Gasenzer1,
M. Gärttner1, and M. K. Oberthaler1

1 Kirchhoff-Institut für Physik, Universität Heidelberg, 69120 Heidelberg, Germany
e-mail: philipp.kunkel@kip.uni-heidelberg.de

Heisenberg’s uncertainty relation poses a funda-
mental limit on the simultaneous knowledge of two
noncommuting observables. Yet, quantum mechan-
ics allows for nonlocal correlations between two sys-
tems such that a measurement in one system allows
for prediction of the outcome in the other one with
a precision beating the local uncertainty limit which
is known as Einstein-Podolsky-Rosen (EPR) steering
[2]. These nonclocal correlations are one of the key
resources for quantum technologies. Here, we experi-
mentally show that entanglement, which is produced
in a Bose-Einstein condensate (BEC) by local contact
interactions in a single spatial mode, can be spatially
distributed to yield nonlocal correlations which we
verify by demonstrating EPR steering (see Fig. 1).
Our experiment illustrates that entanglement of in-
distinguishable particles can be mapped to individ-
ually addressable subsystems, which has been pro-
posed recently [3, 4]. This kind of entanglement is
therefore as useful, in the sense of the LOCC (local
operation and classical communication) paradigm, as
entanglement between distinguishable particles.

We start our experiment with a BEC consisting of
N ≈ 11, 000 87Rb atoms held in a crossed optical
dipole trap. The atoms are prepared in the magnetic
substate mF = 0 of the F = 1 hyperfine manifold.
We use spin mixing to coherently populate the states
mF = ±1 with atom pairs which is equivalent to spin
nematic squeezing [5]. Since the atoms of the BEC
are in principle indistinguishable, the correlations are
shared among all atoms in the atomic cloud. By
switching off the longitudinal confinement, the BEC
expands in the remaining wave-guide potential and
the entanglement is distributed in space. After ex-
pansion, we read out the relevant spin observable by
applying a resonant rf-pulse followed by state selec-
tive absorption imaging. The high optical resolution
of our imaging system enables the definition of dis-
tinct systems by partitioning the absorption signal.
We measure two noncommuting spin observables and
find in each partition that the fluctuations well exceed
the local uncertainty constraint. Yet, we show that
the measurement outcome in one subsystem of the
atomic cloud can be used to infer the result in the re-
maining part better than allowed by the fundamental
local uncertainty, which verifies that these parts are
EPR entangled.

By partitioning the absorption signal into three

Read-Out

A B C

Steering

Distribution

Generation

Entanglement

Expansion

Figure 1: Experimental scheme to distribute entangle-
ment in space [1].

parts of equal length we demonstrate that each part is
steered by the remaining ones. This confirms three-
way steering. To further elucidate the multipartite
character of the generated entanglement, we con-
struct a witness which connects the inference value of
bipartite EPR steering to genuine multipartite entan-
glement. With this witness we reveal up to genuine
five-partite entanglement.

[1] P. Kunkel et al., arXiv:1708.02407 [cond-
mat.quant-gas] (2017).

[2] M. D. Reid et al., Rev. Mod. Phys. 81, 1727-
1751 (2009).

[3] P. Hyllus, L. Pezzé, A. Smerzi, and G. Tóth,
Phys. Rev. A 86, 012337 (2012).

[4] N. Killoran, M. Cramer, and M. Plenio, Phys.
Rev. Lett. 112, 150501 (2014).

[5] C. D. Hamley, C. S. Gerving, T. M. Hoang, E.
M. Bookjans, and M. S. Chapman, Nat. Phys.
11, 167-172 (2015)



Light Drag Enhancement with Rubidium Vapour
Akbar Safari1, Israel De Leon1,2, Mohammad Mirhosseini3,4, Omar S. Magaña-Loaiza3,5, and

Robert W. Boyd1,3

1 Department of Physics, University of Ottawa, Ottawa, ON, K1N 6N5, Canada.
2 School of Engineering and Sciences, Tecnológico de Monterrey, Monterrey, Nuevo Leon 64849, Mexico.

3 Institute of Optics, University of Rochester, Rochester, New York, 14627, USA.
4 Kavli Nanoscience Institute, California Institute of Technology, Pasadena, California 91125, USA.

5 National Institute of Standards and Technology, Boulder, Colorado 80305, USA.
e-mail: asafa055@uottawa.ca

The propagation of electromagnetic fields in mov-
ing media has been subject of studies for almost two
centuries. It was first predicted by Fresnel[1] on
the basis of an elastic aether theory that a moving
medium drags light along the direction of motion.
The light drag effect was observed experimentally by
Fizeau in 1851[2]. However, This effect is very small
and typically requires the medium to be moved with
a large velocity in order to be detected. In a tour de
force from 1914 to 1927[4, 5, 6], Zeeman performed
a series of light-drag experiments to test the valid-
ity of the special relativity and to observe the role of
dispersion of the host medium.

In recent years there has been a tremendous ad-
vancement in controlling the speed of light propa-
gating through specific classes of atomic and solid-
state media. For example, group velocities as
low as a few m/s have been observed in Bose-
Einstein condensates[7] and in rubidium (Rb) atomic
vapours[8]. This motivates one to investigate
the propagation of photons in a moving slow-light
medium. In fact, the influence of dispersion on the
light-drag effect was investigated by Lorentz[3]. He
predicted that the change in the speed of light inside
a moving highly dispersive medium is proportional to
the group index of the medium.

In our experiment, we observe this enhanced light-
drag effect by moving a hot Rb vapour cell through
which the light propagates. We show experimen-
tally that the dispersive contribution to the drag ef-
fect (which is usually considered to be a correction
term for low-dispersion materials) is the dominant
contribution in our experiment. Our results indicate
an enhancement of the drag effect proportional to
the group index of the medium, which in our case is
ng ' 330[9].

Much larger values of group index (as large as ten
million) can be obtained using techniques like electro-
magnetically induced transparency (EIT). Therefore,
one can enhance the observed effect by an even larger
factor. With this enhancement even a slow motion of
the atomic ensemble can be detected. Recently, this
technique has been implemented to trace the velocity
of a free-falling cold atom ensemble[10].

[1] A. J. Fresnel, Ann. Chim. Phys. 9 (XLIX), 57-66
(1818).

[2] A. H. L. Fizeau, Comptes Rendus 33, 349-55
(1851).

[3] H. A. Lorentz, Proc. R. Acad. Sci. Amsterdam
6, 809 (1904).

[4] P. Zeeman, KNAW, Proceedings Amsterdam 17
I, 445-451 (1914).

[5] A. Snethlage and P. Zeeman, KNAW, Proceed-
ings Amsterdam 22 II, 512-522(1920)

[6] P. Zeeman, Arch. Neerl. Sci. Exactes Nat. 3A
10, 131 (1927)

[7] L. V. Hau, S. E. Harris, Z. Dutton, and C. H.
Behroozi, Nature 397, 594 (1999).

[8] M. M. Kash et al, Phys. Rev. Lett. 82, 5229
(1999).

[9] A. Safari et al, Phys. Rev. Lett. 116, 013601
(2016).

[10] P. Kuan, et al, Nature Communications 7, 13030
(2016).



Atom-molecule coherence in heteronuclear Li-Yb
A. Green1, J. H. See Toh1, K. Ton1, S. Gupta1
1 University of Washington, Seattle, Washington, USA

e-mail: agreen13@uw.edu

We have demonstrated coherent coupling between
Li+Yb free atom pairs and LiYb molecules in the
electronic ground state via two-photon free-bound
Raman processes. Coherent control is manifest in the
creation of a dark atom-molecule superposition state.
Evidence for this dark state is observed in a crossed
optical dipole trap containing a mixture of ultracold
6Li and 174Yb, as the suppression of photoassociative
loss within a narrow (sub-natural) frequency range.
We intend to utilize this dark state to perform Stim-
ulated Raman Adiabatic Passage (StiRAP) to create
ultracold samples of LiYb in the electronic ground
state. The non-bialkali LiYb molecule possesses both
electric and magnetic dipole moments, and the un-
paired electron degree of freedom could be utilized
towards magnetic trapping of ultracold molecules as
well as tuning of molecular collisions and reactions.
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In the last few years, magneto-optical traps
(MOTs) for simple diatomic molecules have been
realised for the first time [1, 2, 3]. Further cool-
ing in an optical molasses has proven an effective
method to produce samples of molecules in the ul-
tracold regime [2]. Most of the proposed applica-
tions for ultracold molecules, including simulation of
strongly interacting quantum many-body Hamiltoni-
ans, precision tests of fundamental physics and util-
isation in quantum information processing, require
coherent control over the internal state of the molec-
ular sample.

We present optical pumping of a sample of ultra-
cold CaF molecules into a single internal state, trans-
fer to a conservative magnetic trap and coherent mi-
crowave control over their rotational, hyperfine and
Zeeman sub levels [4]. As prototypes of future ex-
periments possible with laser-cooled molecules, we
demonstrate state dependent measurements of mag-

netic trap loss rates and explore rotational coherence
times in and out of the trap using Ramsey interfer-
ometry (shown in Fig. 1).
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Figure 1: Ramsey spectroscopy for CaF molecules confined in a magnetic quadrupole trap and prepared in a coherent
superposition of |N = 0, F = 1,MF = 1〉 and |N = 1, F = 2,MF = 2〉 states. Two 27 µs microwave π/2 pulses are
separated by a free evolution time of 493 µs. Plots show the percentage recaptured into the MOT, proportional to
the number in N = 1, as a function of microwave frequency, f , relative to the transition frequency measured in free
space, f0. The vertical dashed line in the central lower plot indicates the position of the central fringe; the transition
frequency in the magnetic trap is shifted by -404(1) Hz from f0.
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One of the major applications envisioned for quantum light-matter interfaces involving atomic ensembles
is a quantum memory for light. In such an application, the quantum wave function of an optical pulse is
coherently stored in the form of a collective excitation of the atomic internal degrees of freedom (”spins”),
and then retrieved at a later time. A quantum memory can also be used to facilitate quantum logic between
photons, for example, if combined with atomic Rydberg interactions. Much of the theory used to investigate
the interactions between an atomic ensemble and light is based upon the semi-phenomenological 1D Maxwell-
Bloch equations. In this formalism, the granularity of the atomic positions is ignored and the atoms are
treated as a smooth medium. Furthermore, while this formalism treats explicitly the interaction between
the atoms and a quasi-1D optical mode of interest (e.g., a Gaussian beam), collective effects involving the
remaining 3D set of electromagnetic modes are ignored, and it is simply assumed that these modes result in
independent spontaneous emission.

Here, we describe progress to develop a realistic, microscopic model of up to ∼ 105 discrete atoms in an
atomic ensemble, which fully captures 3D effects such as lensing, radiation trapping, and multiple scattering
of light. This model is based upon a novel spin formalism, which accounts for photon-mediated dipole-dipole
interactions between atoms, in combination with an input-output formalism that allows properties of the
full 3D field to be calculated based upon the atomic correlations alone. We anticipate that our technique can
be used to understand and optimize numerous effects governing real quantum memory experiments, which
cannot be captured in the simplified 1D Maxwell-Bloch equations.
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Experimental demonstration of composite stimulated Raman
adiabatic passage
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Quantum information architectures require precise
control to prepare, manipulate or preserve quantum
states. The main requirements for such control tools
are high fidelity and robustness against fluctuations
in the experimental parameters.

An important goal for quantum control is robust
and high fidelity population inversion. Resonant
coherent light-matter interactions such as π-pulses
can deliver high efficiency in many quantum sys-
tems but suffer substantially from non-optimal condi-
tions which are inevitable in an experiment. A pow-
erful alternative are adiabatic passage techniques.
They are based on slow, i.e., adiabatic, variations
of the experiments control parameters such that the
state of the system does not change in the adiabatic
basis. However, the experimental performance of
such techniques is limited by inevitable residual di-
abatic couplings. Stimulated Raman adiabatic pas-
sage (STIRAP) is a well established technique with
a multitude of applications in physics and chem-
istry. The original concept allows for efficient pop-
ulation transfer between two states of a three-state
system. Although both states are coupled to the
same intermediate state by two radiation fields, the
intermediate sate remains unpopulated during the
interaction. While resonant STIRAP is very sensi-
tive to variations in the initial quantum state, off-
resonant STIRAP can be used to invert a quantum
system with an arbitrary initial state. This makes off-
resonant STIRAP particularly suited for repeated in-
version processes. In such repeated sequences, the to-
tal inversion efficiency suffers substantially from any
inefficiency in the single process.

Composite pulses (CPs), i.e., sequences of pulses
with appropriately chosen relative phases, offer a way
to boost the robustness of STIRAP. CPs are applica-
ble for accurate and robust qubit rotation, by driv-
ing a quantum system on robust pathways through
Hilbert space. Most traditional CPs are derived to
compensate against a specific kind of of error, e.g.,
in the pulses area or frequency. Recently, universal
composite pulses (UCPs) were proposed and demon-
strated [1]. They can compensate against arbitrary
systematic pulse errors. A combination of STIRAP
with composite pulses (CSTIRAP) was recently pro-
posed by cooperation partners [2].
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Figure 1: Experimentally measured population transfer
efficiency for repeated STIRAP and CSTIRAP at a sin-
gle photon detuning of 1.75 MHz. Positive delays corre-
spond to the Stokes pulse preceding the pump pulse (i.e.,
STIRAP configuration).

We present now a proof-of-principle experimental
demonstration of CSTIRAP. Specifically, we perform
population transfer between the hyperfine ground
states of Pr3+ ions in a rare-earth doped solid [3]. In
the highly detuned regime, we show that CSTIRAP
substantially improves both the robustness and the
peak transfer efficiency, as compared to repeated
STIRAP (see Figure 1). Furthermore, we apply
CSTIRAP with universal composite phases and show
a systematic improvement compared to the originally
proposed CSTIRAP phases. In addition, we compare
the experimental findings with numerical simulations.

In the highly detuned regime STIRAP is insensitive
to the initial state of the system, which makes it suit-
able for repeated inversion processes, e.g., for rephas-
ing of atomic coherences in quantum memories. Es-
pecially when the spin transition is not directly ad-
dressable, e.g., due to forbidden dipole transitions,
optical rephasing sequences are necessary. Our re-
sults indicate that in these situations CSTIRAP per-
forms significantly more efficient and robust than re-
peated traditional STIRAP.
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The simplicity of hydrogen and hydrogen-like sys-
tems allows for extremely accurate predictions of
their energy levels using bound-state quantum elec-
trodynamics (QED). These theory values contain
fundamental constants, most importantly the Ryd-
berg constant and the nuclear size. By comparing
theory and experiment, these constants can be de-
termined and the validity of the theory itself can be
tested.

The frequency of the extremely narrow 1S–2S two-
photon transition was measured in atomic hydrogen
with a relative uncertainty below 10−14 [1, 2]. This
value can be combined with measurements of other
transitions in order to extract values for the Rydberg
constant and the proton size [3].

We are currently setting up an experiment to do
spectroscopy of the 1S–2S transition in the simplest
hydrogen-like ion, He+. This could give new insights
into a so-far unresolved discrepancy between different
determinations of the proton charge radius which is
known as the proton radius puzzle [4]. Furthermore,
interesting higher-order QED corrections scale with
large exponents of the nuclear charge which makes
this measurement much more sensitive to these cor-
rections compared to the hydrogen case [5]. Finally,
He+ ions are charged particles that can be trapped
and cooled in an ion trap. This greatly reduces sys-
tematic effects due to particle motion that dominate
the uncertainty in the hydrogen measurements.

However, driving the 1S–2S transition in He+ re-
quires narrow-band radiation at 61 nm. This lies in
the extreme ultraviolet (XUV) range where no refrac-
tive optics and no laser sources exist. We will there-
fore perform direct frequency comb spectroscopy by
converting an infrared high power frequency comb to
the XUV using high harmonic generation in a gas
target. The He+ ions will be trapped in a Paul trap
and sympathetically cooled by co-trapped Be+ ions.

My contribution will give an overview of the
planned experimental setup and report on its current
status.

[1] C. G. Parthey et al., Phys. Rev. Lett. 107,
203001 (2011).
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The collective behavior of ensembles of atoms has
been studied in depth since the seminal paper of
Dicke [1], where he demonstrated that a group of
emitters in collective states is able to radiate with
increased intensity and modified decay rates in par-
ticular directions, a phenomenon which he called su-
perradiance. Here, we discuss radiative characteris-
tics and quantum properties of two coherently driven
atoms coupled to a single-mode cavity, an ideal setup
to investigate the basic aspects of collective behavior
and correlations between the atoms over a wide range
of couplings to cavity and external drive. We neither
make use of any approximations nor restrict ourselves
to specific limits, but study the dynamics in a very
broad domain. We specifically examine the effects of
atoms seeing different cavity coupling constants due
to the variation of the cavity field (see Fig. 1).

We show that this setup is able to distinctly exceed
the free-space superradiant behavior of two atoms, a
phenomenon which we call hyperradiance [2]. The ef-
fect is accompanied by strong quantum fluctuations
and thus cannot be described in a (semi-)classical
treatment. Surprisingly, hyperradiance arises for
atoms radiating out-of-phase, an alleged non-ideal
condition, where one expects subradiance. We are
able to explain the onset of hyperradiance in a trans-
parent way by a photon cascade taking place among
manifolds of Dicke states with different photon num-
bers under particular coupling conditions.

Further, we focus on the photon statistics as a
function of the inter-atomic phase revealed by the
second-order intensity correlation function at zero
time g(2)(0) [3] and Mandel Q parameter [4]. We
find that the light field can be tuned from anti-
bunched to (super-)bunched by merely modifying the
atomic position (phase control) [5]. The highest non-
classicality in the sense of the smallest Q parameter is
found when spontaneous emission, cavity decay, co-
herent pumping, and atom-cavity coupling are com-
parable. Our studies further show that a quantum
version of the negative binomial distribution with pa-
rameters directly related to Q and g(2)(0) is able to
characterize the photon distribution in the cavity and
its quantum features [5].

Figure 1: Sketch of the system: Two atoms (A) that are
coupled to a single-mode cavity (C) and driven by a coher-
ent laser (L). Possible dissipative process are spontaneous
emission (γ) and cavity decay (κ). The inset shows a mag-
nified section of the arrangements of the atoms: One atom
(depicted left) is fixed at an anti-node of the cavity field,
while the other atom (right) can be scanned along the
cavity axis causing a relative phase shift φz = 2π∆z/λC

between the radiation of the atoms.

The investigated system, i.e., a single-mode cavity
coupled to two precisely controllable two-level emit-
ters of any kind, i.e., atoms, ions, superconducting
qubits or quantum dots, can be realized with current
technology [6]. Thus, our theoretical results could
stimulate future experiments.
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Creation of a low-entropy atomic array is the first
essential step for quantum simulation of many-body
physics and quantum information processing. Ul-
tracold atoms and molecules are of increasingly in-
terest with excellent controllability and high reso-
lution imaging and detection. The entropy associ-
ated with the filling factor of an atomic array can
be eliminated with recently demonstrated atom as-
sembly techniques[1][2]. Thermal distribution over
motional states often leads to qubit dephasing and
quantum gate errors, which plays an important role
in quantum computation with atomic qubits, as the
depressed entanglement fidelity shown in recent ex-
periments with heteronuclear atoms[3]. The residual
entropy associated with atomic thermal motion can
be eliminated with ground state cooling techniques.

Here we report motional qautatum state engineer-
ing and preparation of a low-entropy system of two
heteronuclear atoms in optical micro-traps. We per-
form three dimensional Raman sideband cooling of
two atoms, 87Rb and 85Rb, simultaneously in adja-
cent optical tweezers. The 3D ground state probabil-
ity after cooling is estimated via asymmetric sideband
spectrum as 0.91(5) for 87Rb, the corresponding n
for three dimensions are 0.04(3), 0.01(1) and 0.04(4).
Similar results are achieved for 85Rb. We transfer
the two atoms into the ground state of a single trap
with spin selective transportation. The heating dur-
ing transfer is as low as 0.01(0.03) vibrational quanta
for radial(axial) dimensions.

This system can be used to increase the entangle-
ment fidelity with near frozen atomic motion that
suppressing the interaction fluctuation in our previ-
ous experiment[3]. The merged two atoms can also be
used to associate single molecules [4] [5] and to study
controlled collision dynamics and entanglement[6].
This method to prepare motional ground state het-
eronuclear atoms can be easily extended to other
atomic species and can be scaled up to a large defect-
free array with atom assembly techniques.

(a) (b)

-200 -100 0 100 200
0.0

0.2

0.4

0.6

0.8

1.0

Pr
ob

. o
f b

rig
ht

 s
ta

te

Detuning(kHz)
-60 -40 -20 0 20 40

0.0

0.2

0.4

0.6

0.8

Pr
ob

. o
f b

rig
ht

 s
ta

te

Detuning (kHz)

Figure 1: (a) Radial dimensional Raman sideband cooling
of 87Rb along two orthogonal axes. (b) Axial dimensional
Raman sideband cooling of 87Rb (black squares) and 85Rb
(red circles).
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Guided by robust simulation we have developed an
atom-guiding technique that efficiently loads 3 × 106

cold rubidium atoms into hollow-core optical fibre [1],
an order-of-magnitude improvement over literature,
delivering a unique technology for atom-optics and
quantum-information processing.

Ultra-strong atom-light interaction is a key re-
source for numerous applications in quantum infor-
mation processing, sensing and measurement [2, 3,
4, 5]. To maximize the strength of the interaction,
one must maximize the atom-light coherent interac-
tion time while simultaneously ensuring that there is
a good match between the optical mode size and the
atomic cross-section. For ensemble experiments, one
wants to do this with the largest possible number of
atoms at the same time. Here we report on a highly
successful approach to generate these optimal condi-
tions by creating a method to efficiently load a large
number of laser-cooled atoms into a hollow-core op-
tical fibre, producing optical depths of over 600(10),
shown in 1(a).

Our fibre-loading system is based on a Magneto-
Optical Trap (MOT) of 1 × 108 atoms formed above a
10 cm length of 45µm core kagome lattice hollow-core
photonic-crystal fibre. A red-detuned Gaussian beam
coupled through the fibre intercepts the MOT, gener-
ating a strong dipole trap that guides atoms from the
MOT into the fibre, shown in 1(b). With appropriate
choices of detuning and power of the guide beam we
have achieved a peak atom loading efficiency limited
only by the geometric overlap of the guide and MOT.

A detailed Monte-Carlo simulation of the atom
loading process was developed to aid in optimising
the dipole trap parameters and support our under-
standing of the complex behaviour of the system
shown in 1(c). We find a high degree of quantita-
tive agreement between the simulation and experi-
ment which provides confidence in the models pre-
dictions on the achievable atom coupling, the guide
scattering rate, atomic lifetime, and atom tempera-
ture.

This state of the art experimental performance,
together with the powerful predictive power of the
Monte Carlo simulation, delivers a new platform
technology for the field.
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Figure 1: Transmission measurements of the ensemble be-
fore and after loading into the fibre, b) optical depth map
imaged from the side a sequence of times showing atom
loading, and c) simulated optical depth map at matching
time steps.
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We propose a minimal model of strongly correlated
bosons interacting with lattice degrees of freedom, by
describing the latter with a set of independent two-
level systems [1]. The Hamiltonian reads

Ĥ = −t
∑
i

(
b̂†i b̂i+1 + h.c.

)
+
U

2

∑
i

n̂i(n̂i − 1)− µ
∑
i

n̂i

− α
∑
i

(
b̂†i σ̂

z
i b̂i+1 + h.c.

)
+

∆

2

∑
i

σ̂zi + β
∑
i

σ̂xi ,

where b̂†i creates a boson on site i and n̂i = b̂†i b̂i is
the number operator. σ̂z

i and σ̂x
i are Pauli operators

associated with a spin-1/2 system living on the bond
between sites i and i+ 1.

We show how this model is capable of reproducing
similar phenomena as those present in usual fermion-
phonon models. In particular, we discover a bosonic
analog of the Peierls transition [2], where the trans-
lational symmetry of the underlying lattice is spon-
taneously broken (Fig. 1). This transition provides a
dynamical mechanism to obtain a topological insula-
tor in the presence of interactions, analogous to the
Su-Schrieffer-Heeger (SSH) model for electrons [3],
hosting many-body protected edge states and topo-
logical solitons. Using the density-matrix renormal-
ization group algorithm, we characterize the phase
diagram of the model, which includes compressible
and incompressible Bond Order Wave phases (cBOW
and iBOW, resp.), as well as a Mott insulator (MI)
and superfluid (SF) phase (Fig. 2).

Finally, we study the possibility of implementing
the model experimentally using atomic systems. The
bosonic part of the Hamiltonian is simulated using a
gas of ultracold bosonic atoms in an optical lattice.
The spins are implemented using a second deep lat-
tice, confining either neutral or charge atoms with
two internal degrees of freedom.

[1] D. González-Cuadra, P. R. Grzybowski, A.
Dauphin and M. Lewenstein, arXiv:1802.05689
(2018).
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tional series of monographs on physics, Claren-
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Figure 1: The spatial structure of bond 〈σ̂zi 〉 (a) and site
〈n̂i〉 (b) expectation values for ∆ = 0.85 and different
bosonic densities ρ, showing some of the representative
orders that can develop. From above to below: ρ = 1/2
(cBOW), ρ = 1/2+2/60 (iBOW), ρ = 2/3−2/60 (iBOW),
ρ = 2/3 (cBOW) and ρ = 0.88 (iBOW). Different colors
represent different sublattice elements, making explicit
the long-wavelength modulations (topological solitons) on
top of the underlying order.
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Figure 2: Phase diagram of the model for a system size of
L = 60 in terms of the parameter ∆ and the chemical po-
tential µ, for t = 1, α = 0.5, U = 10 and β = 0.02. The
solid black lines delimit the incompressible phases: the
different cBOW (where the subindex denotes de density)
and the MI. In the background, the maximum value of the
spin structure factor, Sσ(k) = 1

L

∑
i,j e

(xi−xj)ki〈σ̂zi σ̂zj 〉, is
represented in different colors, qualitatively distinguish-
ing between the iBOW and SF phases. The red squares
mark two critical points in the thermodynamic limit.
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Different condensed matter systems, such as elec-
trons in a crystal lattice, can be simulated using ul-
tracold atoms in optical lattices. Unlike electrons,
atoms are electrically neutral and therefore do not
feel the effects of magnetic field. Artificial gauge
potentials have been recently realized in cold-atom
experiments with periodically driven optical lattices
[1, 2]. In such systems, atoms subjected to a constant
external force gain an anomalous velocity in the direc-
tion transverse to the direction of the applied force.

Taking into consideration realistic experimental
conditions, we perform numerical simulations in or-
der to investigate the dynamics of atomic clouds and
relate it to the Chern number of the effective model.
We consider incoherent bosons and the full time-
dependent Hamiltonian. The effects of weak repulsive
interactions between atoms are taken into account us-
ing the mean-field approximation.

Our results show that driving, external force and
interactions all cause heating and transitions to
higher bands, which have significant effects on the
dynamics. It turns out that weak interactions can be
beneficial, because they make the momentum-space
probability density more homogeneous. In the future,
we also plan to study the details of the atomic-cloud
expansion dynamics, and to simulate the full loading
sequence of an initial Bose-Einstein condensate, as it
was done in the experiment [2].

Figure 1: Density profile of an atomic cloud during ex-
pansion dynamics after release from a trap in the presence
of an artificial gauge field and external force.
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Strontium opens new perspectives for Hamiltonian
engineering because it is an alkaline-earth element
with narrow intercombination lines, metastable
excited electronic states, and ten collisionally-stable
SU(N)-symmetric nuclear spin states. We have
built a new versatile Sr machine with quantum gas
microscope capability. After precooling on a broad
blue transition, we collect 107 atoms at 2 µK in a
narrow-line red MOT, load them into a 1064 nm
dipole trap, and evaporatively cool them to obtain
either a BEC of 4× 105 atoms or a degenerate Fermi
gas with T/TF = 0.3. We have now also observed
for the first time the doubly-forbidden 1S0 −3 P2

transition in 87Sr by direct laser excitation, and the
different hyperfine transitions can also be seen. Due
to the ultranarrow linewidth and large magnetic
tunability of this transition, it opens up the possi-
bilities for quantum computation[1, 2], and for the
realization of gauge field engineering proposals. In
Fig. 1, a diagram of the important levels for laser
cooling of Strontium and the position of the 3P2

state can be seen.

Figure 1: Schematic showing the energy levels and tran-
sitions used for cooling and trapping of Sr atoms. The
broad first stage MOT operates at 461 nm. The transi-
tion of 497 nm is used for repumping atoms to the ground
state, and the 689 nm transition is used for the narrow
linewidth MOT. Thew 3P2 state can also be seen in thsi
illustration. From [3]

Along with the developments of new tools for en-
gineering artificial gauge fields, the work towards the
first quantum gas microscope of strontium will be
presented. Since this microscope will be able to de-
tect individual lattice sights, it will open different av-
enues in the manipulation and detection of physics at
the single atom level. A diagram of the Microscope
can be seen in Fig. 2.

Figure 2: A detailed illustration of the Microscope objec-
tive design,
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I present the design of a free-space interface be-
tween light and single atoms, where the aim is to
connect atoms as qubits using photons propagating
in free space. With this interface, deterministic and
probabilistic protocols for ‘on-chip’ quantum com-
munication can be realized efficiently between two
trapped distant atomic qubits (a = 1, 2), with two
long-lived electronic states |G〉a and |E〉a. In partic-
ular, quantum state transfer, realizing the coherent
process |ψ〉1|G〉2 → |G〉1|ψ〉2 with |ψ〉 an arbitrary
qubit state [1], can be achieved with high success
probability. This is obtained by coupling each qubit
in a laser-assisted process to an array of atomic emit-
ters with subwavelength spacings, as represented in
Fig. 1(a,b). Using lasers to control the phases in
these couplings, the atomic arrays are engineered to
emit and absorb photons propagating only in a single
paraxial gaussian mode of the radiation field.

I provide two different strategies to achieve a high
qubit connectivity using this setup. First, in cer-
tain regimes the two atomic arrays support a long-
lived delocalized subradiant state as collective exci-
tation [2]. This ‘dark’ state behaves as a high-finesse
single-mode resonator, which can be used to medi-
ate coherent interaction between qubits. Remark-
ably, this can be realized using for each atomic array
a single layer with a slight curvature [see Fig. 1(c)].
Second, using instead two layers, each atomic array
can be engineered such that they absorb and emit
photons propagating in a single direction [3]. In this
regime the arrays act as ‘chiral’ phased-array optical
antennas, mediating the interaction of qubits with
unidirectional photons [4].

For both strategies, I present an effective quantum
optical model and demonstrate how the success prob-
ability for quantum state transfer, limited by diffrac-
tion, depends on the number of atoms and their ge-
ometric arrangement. Even for as few as a hundred
atoms in total, the state of the first qubit can be
transferred to the second one with high probability
for separation lengths L of a few dozen wavelengths.
Finally, I discuss experimental considerations in the

Figure 1: Free-space photonic quantum link between two
qubits. (a,b) Sketch and level scheme of the setup. (c) In-
teraction mediated by a long-lived subradiant mode, with
electric field profile in blue. (d) Cascaded configuration
with atomic arrays as chiral antennas.

implementation of this model based on laser-assisted
Rydberg interactions.
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In this work we report on the optomechanical dy-
namics of ion chains, whose vibrations couple with
the high-Q mode of an optical cavity. The dynam-
ics results from the interplay between the long-range
Coulomb repulsion and the cavity-induced interac-
tions. The latter are due to multiple scatterings of
laser photons inside the cavity and become relevant
when the laser pump is sufficiently strong to overcome
photon decay. We study the stationary states of ions
coupled with a mode of a standing-wave cavity as
a function of the cavity and laser parameters, when
the typical length scales of the two self-organizing
processes, Coulomb crystallization, leading to an ion
crystal with lattice constant a in the center, and
photon-mediated interactions, inducing a potential
with periodicity b, are almost commensurate as dis-
played in Fig. 1 a).

In the regime of low cooperativities, cavity back-
action can be neglected. By tuning the ratio of a/b
we expect this model to simulate the ground state of
a one-dimensional crystal growing on top of a sub-
strate with periodicity b. If the substrate potential
is sufficiently strong, and the mismatch between a
and b is small, the ions adapt to the lattice and the
ground state is commensurate as shown in Fig. 1 c).
For larger values of the mismatch, the ground state
becomes incommensurate with localized density dis-
tortions called kinks arising in the chain as in Fig 1
d). We derive a field theory for the kinks and ana-
lyze their properties. Using a mean-field approach,
we then determine the phase diagram in the presence
of the long-range Coulomb interactions and of the ex-
ternal trapping potential. We analyze the spectrum
of small oscillations and show that it is strongly mod-
ified by the presence of the kinks. In the incommen-
surate phase, in fact a new branch of low-frequency
modes appears that is associated with the correlated
motion of kinks.

Finally, we show that the transition can be ob-
served in chains of dozens of ions in a harmonic trap
at finite temperatures and identify the salient prop-
erties at the transition. In particular, we show that
the state of the chain is imprinted in the radiation
emitted at the cavity output.

Figure 1: (a) A chain of trapped ions (dark and red dots)
interacting with an optical lattice (indicated by the pe-
riodic light intensity modulations in red) can undergo a
commensurate-incommensurate transition by tuning the
interparticle distance at the center of the harmonic trap.
The red ions indicate the kinks. Subplot (b) shows the
chain at the trap center and in absence of the lattice.
Subplot (c) illustrate the commensurate phase, where the
lattice periodicity b with lattice strength V0 matches the
unperturbed interparticle distance a. When a is slightly
varied such that a/b is an incommensurate ratio the phase
becomes incommensurate and kinks forms. Subplot (d)
illustrates one kink.

[1] T. Fogarty, C. Cormick, H. Landa, V. M. Sto-
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In the last years atom interferometry has become
a formidable tool to precisely measure fundamen-
tal constants, test general relativity, search for new
physics, and is now investigated to implement high
accuracy inertial navgation. Atom interferometers
have been proposed also for the detection of grav-
itational waves at low frequency, in the infrasound
band (10 mHz–10 Hz). The commonly adopted ap-
proach based on two photon transition to coherent-
ly manipulate the matterwaves is inherently limited
by technical background related to the interrogation
lasers: their phase, frequency and vibration noise are
coupled to the mesasured phase via the time delay
imposed by the distance of the atomic sensors. A so-
lution to realize very long baseline atomic gradiome-
ters adopts single photon atom optics [1]. Recently
a proof-of-concept experiment based on this concept
has been realized [2].

We are building a strontium atom interferometer
to test gravity at large scale, and that uses the clock
optical line at 698 nm for the coherent manipula-
tion of the matterwaves. We are currently develop-
ing the laser system and the vacuum setup. For the
blue MOT operation we developed a system based
on fiber amplification at 922 nm [3] and frequency
doubling. The atomic source is already operative,
and it is based on a compact setup that combines a
short Zeeman slower and a 2D MOT, as in [4]. The
first objective of the project is to implement a 10 m
atomic fountain, where 2 or more atomic clouds will
be simultaneously interrogated on the single photon
transition, so as to measure the gravity gradient or its
higher momenta. The long term target is to imple-
ment macroscopic separation of the interferometric
arms, and study the role of gravity in the emergence
of decoherence and thus in the transition between
quantum and classical behaviour of particles.
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Droplets are very common in nature, from liquid
water to superfluid Helium and nuclear matter. The
structural properties of classical liquids can be un-
derstood by a thorough analysis of the inter-particles
potential. The interplay between a repulsive core and
a wider attractive tail plays a crucial role in deter-
mining the arising of self-bound states with a free
surface. In 1995, Bose-Einstein condensation was ex-
perimentally achieved for the first time with ultracold
alkali-atoms vapors. Since then, technical advances
in magneto-optical trapping provided a wide variety
of different quantum fluids [1] in extremely monitored
environments.

We will discuss two examples of stable self-bound
states arising in dipolar gases and Rabi-coupled
BECs. Based on our Monte-Carlo calculations, we
will provide the zero temperature phase diagram of
dipolar bosons in free space [2], paying specific atten-
tion to the comparison with the experiments recently
performed with Erbium and Dysprosium atoms [3].
Upon increasing the strength of the dipolar interac-
tion, at sufficiently high densities, we find a wide re-
gion where filaments are stabilized along the direction
of the external field. Most interestingly by comput-
ing the superfluid fraction we conclude that super-
fluidity is anisotropic and vanishes along the orthog-
onal plane. Based on Petrov proposal in collapsing
bosonic mixtures [4, 5], this stabilization mechanism
is enabled by the inclusion of quantum flucuations re-
pulsive correction in the equation of state, balancing
the attractive part of the dipole-dipole interaction.

In the second part we study the effects of quantum
fluctuations on a Rabi-coupled binary Bose gas of
interacting alkali atoms [6].

The divergent zero-point energy of gapless and
gapped elementary excitations of the uniform system
is properly regularized obtaining a meaningful ana-
lytical expression for the beyond-mean-field equation
of state.

In the case of attractive inter-particle interaction
we show that the quantum pressure arising from
Gaussian fluctuations can prevent the collapse of the
mixture with the creation of a self-bound droplet.
We characterize the droplet phase and discover an

energetic instability above a critical Rabi frequency
provoking the evaporation of the droplet. We report
the fact that droplet states have been recently ob-
served in binary bosonic mixtures [7]. Implementing
a coherent coupling between the components appears
to be a natural extension of these experiments.
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Skyrmions are topological defects of a given spa-
tial vector field or order-parameter of the system in
question, that can be classified in terms of homotopy
groups of the corresponding field. There are versions
in two- and three-dimensions and, typically, the
Skyrmion topological charge is either an integer
(0,±1) or a half-integer (±1/2). For a three-
dimensional spinor F = 1 Bose-Einstein condensate,
the field that develops the Skyrmion defects is the
spin texture, a real measurable quantity. In this ar-
ticle [1] we analyze different phases in the mentioned
spinor BEC, that show the same two-dimensional
Skyrmion topological defect in all planes perpen-
dicular to a privileged axis, similarly to a so-called
“baby-Skyrmion”. While this system has been the
focus of great attention, we report here an interesting
and novel aspect regarding the value of the acquired
Skyrmion charge. That is, we show that depending
on the boundary conditions of the external magnetic
or gauge field that nucleates the vortices and the
Skyrmions in the spinor BEC, the 2D Skyrmion
charge in each plane may take zero, half integer,
or any desired arbitrary value between −1/2 and 1/2.

Although we believe that those defects are of a
true topological nature - since their charge is inde-
pendent of the location of the defect and the total
charge is the sum of the charges of the individual
defects present - their dependence on details of the
external fields may suggest reservations on the use
of the precise value of the topological charge as a
proper variable to classify the ensuing condensate
states.

Our findings are obtained by numerically solv-
ing the corresponding fully coupled Gross-Pitaevskii
equations without any symmetry assumptions and
by analyzing the Skyrmion topological charge. We
study, both, polar 23Na and ferromagnetic 87Rb con-
densates. As an example of typical topological be-
havior, we show in Figure 1 the spin texture of a
stationary state with two topological defects within
the SBEC, as is expected the total charge is the sum
of individual charges. In Figure 2 we show the den-
sity and velocity field of SBEC in a 2D for the state
showed in Figure 2, along z spin basis.

[1] R. Zamora-Zamora and V. Romero-Roch́ın, J.
Phys. B: At. Mol. Opt. Phys. 51, 045301 (2018).

Figure 1: We show a SBEC stationary state with two
Skyrmions of opposite topological charges, stabilized by
a tailored external magnetic field, the topological defects
appear on the spin texture that we show for a 2D plane
of the 3D solution.
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Figure 2: We display densities and velocity fields for the
stationary state of Figure 1, using the z spin basis we
present a density plot and the vector field for each spin
projection within the same region as in Figure 1.
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Spin-orbit coupled Bose-Einstein condensates can
exhibit a double-well dispersion relation where
the two band minima represent particular quasi-
momentum states. In this work we study a sys-
tem where the quasi-momenta at the two spin-orbit
dispersion minima are coupled by an additional op-
tical lattice. This system is predicted to display
stripe-phase-like behavior, such as a pronounced fine-
grained density modulation. By rapidly applying the
lattice we observe coherent Rabi oscillations between
the relevant momentum states. By adiabatically
loading the lattice coupled system we experimentally
verify the ground state spin-polarization phase dia-
gram as a function of lattice strength and spin-orbit
detuning. This arrangement provides a flexible ex-
perimental platform for further investigation of the
properties of the stripe-phase in the context of a spin-
orbit coupled Bose-Einstein condensate.
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Non-Abelian gauge field is exciting in its own right
due to the inherent richness in its structure – tensor-
valued in contrast to vector-valued Abelian gauge
field [1]. In this Abstract, we propose an experimen-
tally realizable scheme to infer the signature of non-
Abelian gauge field from the expansion of an atomic
cloud.

Abelian Non-Abelian

Ω1

|1⟩ |3⟩ |2⟩

|e⟩

Ω2Ω3

Ω1
Ω2

Ω3

Figure 1: (left) band structure of free particle in k-
space, (middle) four-level system and the dressing of
atomic cloud, (right) band structure in the presence of
non-Abelian gauge field – note the momentum-dependent
spin-texture.

A typical way to realize non-Abelian gauge field is
shown for an atomic cloud (the blue shaded region) of
Strontium-87 that intrinsically possesses degenerate
ground states |1, 2, 3〉, in the middle panel of Fig. 1.
Two horizontal counter-propagating lasers with equal
intensity yet opposite helical polarization (shown via
‘black arrows’) and a linearly polarized vertical laser
with twice the intensity of each of the two aforemen-
tioned lasers, conspire the dressed-atoms to ‘feel’ non-
Abelian gauge field. This four-level system is diago-
nalized and we can operate in the reduced degener-
ate two-dimensional dark-state manifold, since it does
not couple with any of the bright states [2]. For the
lasers distribution shown in middle panel of Fig. 1,
in the reduced 2 × 2 dark-space-manifold, the time-
dependent Schrödinger equation in ~k-space reads

ih̄∂t |Ψ〉 = H |Ψ〉 , with |Ψ〉 =

 ∣∣∣ψ1

(
~k
)〉∣∣∣ψ2

(
~k
)〉  ,

H = h̄2

2m

[
| ~k |

2
+ 2kyκ 2kxκ

2kxκ | ~k |
2
− 2kyκ

]
,

(1)

where m and h̄~k are is the mass and the momentum
of the atoms, respectively; κ is wavenumber of each
gauge field lasers.

Solving Eq. 1, the real-space distribution of an
atomic cloud at any time t is shown in Fig. 2 (a)-(c).
The asymmetric real-space distribution of each spinor
component, i.e., |Ψ1,2〉 is the effect of spin-orbit in-
teraction mediated by the gauge field. We will make
direct contrast for the density distribution of classical
gas (with high temperature) and quantum gas (with
temperature less than the recoil temperature of the
gauge-field lasers).
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Figure 2: (a)-(c) real-space distribution of spinor compo-
nents, (d) population dynamics, (e) size of cloud along
different axes (FP stands for free particle).

The atomic wavepacket is initially spin-polarized to
|Ψ1〉 and the gauge field mediated population trans-
fer is shown in Fig. 2(d). Another experimentally
measurable quantity of the expanding cloud – the
variance or the size of the cloud along different axes,
of different spinor state is shown in Fig. 2(e). Note
the contrast with free-particle expansion in vacuum,
shown via green curve in Fig. 2(e). All these result
will be explained from analytic and physical point of
view.

To summarize, an experimentally realizable way to
find the signature of gauge field from an expanding
cloud will be discussed in detail.
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The interplay between an electron’s spin and its
momentum, denoted as spin-orbit coupling (SOC), is
an effect of major relevance when studying a wide va-
riety of systems in the field of solid-state physics, such
as Majorana fermions [1], spintronic devices [2] or
topological insulators [3]. The realization in the last
few years of a synthetic SOC interaction in ultracold
atomic gases represents an important achievement,
as the high controllability of these systems allows for
a better understanding of the nature of SOC.

We present two different Diffusion Monte Carlo al-
gorithms to deal with Hamiltonians featuring syn-
thetic spin-orbit coupling interactions: the T-moves
DMC [4] [5] and an original method created in our
group, the Spin-rotation DMC. While an effective
Hamiltonian must be defined in the T-moves ap-
proach to cure a sign problem in the propagator,
we overcome this issue with the Spin-rotation DMC
by propagating the spin-integrated wave function in
imaginary time. Because of this, we are able to get
an energy estimation closer to the ground state en-
ergy. We present a comparison between our DMC
method and the T-moves DMC (Fig. 1). As a check
for the viability of the method, we also compare the
DMC energies with results obtained with other nu-
merical algorithms, finding very good agreement be-
tween both estimations (Figs. 1, 2)

Figure 1: Diffusion Monte Carlo energies as a function of
the time step (lines with points, red for the spin-rotation
DMC and blue for the T-moves DMC) vs imaginary time
evolution energies (straight lines, magenta for the ground
state, black for the fixed phase energy and orange for the
effective Hamiltonian, fixed phase energy) for a system of
two interacting particles in a harmonic trap with Rashba
SOC. The energy estimation is linear with ∆τ for the T-
moves DMC, although it can not be seen in the Figure
because of the small time step needed in the simulations.
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Figure 2: Spin rotation Diffusion Monte Carlo energies as
a function of the time step (red line with points) vs fixed
phase Gross-Pitaevskii equation energy estimation (black
straight line) for a system of forty interacting particles
with Raman SOC in the dilute regime.

[1] F. Wilczek, Nat. Phys. 5, 614 (Sep, 2009).

[2] J. D. Koralek, C. P. Weber, J. Orenstein, B.
A. Bernevig, S.-C. Zhang, S. Mack, and D. D.
Awschalom, Nature. 458, 610 (2009).

[3] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys.
82, 3045 (2010).

[4] Cody A. Melton, M. Chandler Bennett and L.
Mitas, J. Chem. Phys. 144, 244113 (2016)

[5] M. Casula, S. Moroni, C. Filippi, S. Sorella, J.
Chem. Phys. 132, 154113 (2010)



Non-classical spin states with ultracold dysprosium atoms
T. Chalopin1, C. Bouazza1, A. Evrard1, V. Makhalov1, D. Dreon1,

J. Dalibard1, L. Sidorenkov1, S. Nascimbène1
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Non-classical spin states, such as spin squeezed
states and quantum superpositions of coherent
states with opposite magnetization (so-called cat
states), are of great interest for modern quantum
technologies, quantum metrology or quantum com-
puting [1]. Cold atomic ensembles provide a suf-
ficient degree of control and tunability for the re-
alization of spin-squeezing, but the realization of
mesoscopic superposition states remains challeng-
ing.

I will detail the latest experiments we have real-
ized on our ultracold dysprosium gases experiment.
We use non-linear light-spin interactions to coher-
ently drive the large spin of bosonic dysprosium
(J = 8 in the ground state) to a mesoscopic super-
position of coherent spin-states with opposite mag-
netization, of the form

|ψ〉 =
|mJ = −J〉+ |mJ = +J〉√

2
.

The non-linear interactions stem from tensorial
light-shifts induced by an off-resonant laser close to
the narrow-line 626 nm transition [2].

We show that this superposition state provides
a large sensitivity enhancement to external mag-
netic fields. We measure a quantum metrological
gain (with respect to the standard quantum limit,
achieved for a coherent spin-state) ofG = 13.9(11),
close to the Heisenberg limit (G = 16 for J = 8).

We also provide a full state tomography reconstruc-
tion (see figure 1) and a characterization of decoher-
ence under collective dephasing.

|ρ(m,m′)|

Figure 1: Density matrix corresponding to the real-
ized mesoscopic superposition of opposite coherent spin-
states, and reconstructed experimentally via full-state
tomography. The color indicates the distance to the
diagonal (populations in blue, coherences in red).
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Ultracold atoms and quantum gases are very clean
and controllable systems, that can be considered as
novel quantum materials and quantum simulators.
Hence, they offer an ideal playground to study phe-
nomena otherwise difficult to approach in many fields
of research, from condensed matter to high-energy
physics and cosmology. In ultracold atomic systems,
the strength of interactions, the dimensionality and
the trapping geometry can be precisely adjusted, such
that theoretical models can be directly tested in the
laboratory. In this framework, a two-dimensional
(2D) Fermi gas can be used to mimic the behavior
of layered superconductors, where the transition to
the superfluid phase occurs to unusually high tem-
perature.

In our experiment we are currently working on
the realization of a 2D strongly interacting Fermi
gas of lithium-6 atoms. Our platform will con-
sist of a fermionic superfluid with tunable inter-
actions, trapped in arbitrarily tailored geometries
with reduced dimensionality and controllable disor-
der. Lithium-6 is well-suited for studying fermionic
superfluidity across the BEC-BCS crossover, because
of his exceptionally broad Feshbach resonance. Here
we present our progress in realizing the 2D system
and the upgrade of the imaging optical setup.

The 2D confinement is realized by the combina-
tion of two different optical trap: a blue-detuned
TEM01 gaussian mode or a red-detuned sheet of light
for a first loose confinement, and an optical lattice
with spacing of 5 µm for a more tight confinement,
that allows for a quasi-2D confinement of lithium-
6 atoms. Observing superfluidity in 2D is particu-
larly challenging, since phase fluctuations inhibit true
long-range coherence, and only superfluidity of the
Berezinskii-Kosterlitz-Thouless (BKT) type can ex-
ist [1] [2]. We plan to use transport measurement
to characterize the superfluid phase in 2D and unam-
biguosly probe the BKT transition [3].

In order to improve the resolution in imaging the
2D cloud we built a new imaging system, based on
an achromatic microscope objective, that allows for a
resolution below the micrometer scale, comparable to
the correlation length of the investigated superfluids.
The objective is achromatic as it has to both image
the atoms with resonant light at 670 nm, and imprint
optical potentials with blue-detuned light at 532 nm.

The performances of the objective have been charac-
terized using an optical target, obtaining a resolution
of 0.92 µm for red light and 0.74 µm for green light.

A Digital Micromirror Device (DMD) is used to
create tailored optical potentials, imaged on the 2D
atomic cloud by the achromatic objective. In par-
ticular, we present the capability of such device,
toghether with an high-resolution optical system, to
create tunable disordered potentials on the microm-
eter scale. By acting on the resolution of the op-
tical system, it is possible to realize both speckles
and point-like disorder, with tunable characteristic
length of the order of µm. Point-like disorder is char-
acterized by randomly distributed spots of light sur-
rounded by regions of darkness, differing from speck-
les disorder in both intensity probability function and
autocorrelation function. So far, speckles disorder
has been the standard to introduce randomness in
atomic physics experiments, but only point-like dis-
order can be set not to cause any classical trapping
of the atoms [4] [5]. Such point-like disordered po-
tentials will be used to explore the interplay between
many-body correlations and localization effects in the
2D BEC-BCS crossover, expecting different behav-
iors for the various superfluids, characterized by dif-
ferent pair size [6].
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Ultra-cold atomic systems are commonly found in a
gas phase: out of a potential that confines them, they
expand to infinity. It was recently discovered theo-
retically [1] and experimentally ([2], [3], [4]) that, in
particular conditions, a Bose-Bose mixture can form
self-bound droplets. In other words they remain con-
fined also without trapping potentials, so they have
properties near a liquid.

In our experiment we observe the existence of such
self-bound ensembles in a bosonic mixture of 39K
atoms and we characterize their equilibrium proper-
ties [5].

To observe and to manipulate this kind of systems,
it is necessary to hold up the atoms against gravity.
Dealing of a mixture made up of two different mag-
netic moments, it is not possible to adopt the stan-
dard levitation technique, that is a magnetic gradi-
ent. We designed and realized an optical system to
compensate the gravity, using a single beam with a
position that is modulated in time. For doing that,
the beam passes through an AOM. By changing the
frequency of the sound wave applied on the AOM,
the angle of the output beam changes. It is possible
to change this frequency in time with a particular
function, in order to have an arbitrary profile of the
potential that is generated. In our case, the intensity
profile needed must have a linear dependence in space
in order to provide a uniform force equal and opposite
to gravity. The theoretical and experimental charac-
teristics of the optical potential are plotted in Figure
1. Since the intensity profile is linear, this potential
doesn’t produce any significant confinement. This is
important to not give constraints to the ensemble, in
order to prove the self-bound nature of the droplets
during the time-of-flight measurements.

There are many parameters that can be changed to
have the best trapping potential for our system, like
the waist and the power of the beam, the modula-
tion amplitude and modulation frequency. The most
critical parameter is the modulation frequency of the
beam: this must be high enough in order to be sure
that the atoms feel an average potential and not the

Figure 1: Theoretical and experimental characterization
of the optical potential.
a) Designed potential along the vertical direction (y). b)
Computed vertical acceleration ay in units of local gravi-
tational acceleration g. c) Image of the single beam which
position is modulated in time along the vertical direction.
d) Experimental data of the potential generated by the
beam modulated.

effect of a moving beam. We prove that the ensemble
feels the average potential measuring the expansion
of a single BEC in time-of-flight: we obtain that the
expansion of the cloud is not affected by the levitat-
ing potential.

Thanks to this potential, we were able to char-
acterize the equilibrium properties of the quantum
droplet and we obtained encouraging results for fur-
ther studies. The technique of modulated potential
can be apply to other systems and different profiles
can be generated, adapting to several circumstances
and needed properties.
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ABSTRACT

In recent years, the possibility of engineering complex coupling in systems of ultracold atoms
in optical lattices has pushed forward the field of quantum simulation. To cite a few examples,
the Hofstadter [1] and Haldane [2] models have been implemented and, through the synthetic
dimension approach [3], topologically protected edge states analogous to those found in the
context of quantum Hall physics have been demonstrated both for fermionic [4] and bosonic
[5] atoms.
In this work, we consider a quasi-1D lattice with a diamond-chain shape whose sites are cylin-
drically symmetric (i. e., harmonic or ring-shaped) potentials. The lattice is filled with a gas of
bosons that occupy the states of total Orbital Angular Momentum (OAM) l=1 centered around
each of the sites. Due to the relative angles between the sites, complex tunneling amplitudes
appear [6], giving rise to very rich physics, which we study in two limits, the single-particle
limit and the limit of strong repulsive interactions.
In the single-particle limit, we show that the OAM degree of freedom opens a gap in the band
structure, resembling the effect of a net flux through the plaquettes [7]. In a finite size system,
we identify states that lie inside the energy gap and are localized at the edge of the chain.
Through a series of exact mappings to other models, we show that these states are topological.
We also consider the limit of strong repulsive interactions at unit filling, in which the system
can be mapped into a spin-1/2 model mediated by second order effective interactions. We show
that for the particular case of the diamond-chain geometry, destructive interference forbids
single spin-flip processes, offering an alternative platform to obtain a quantum simulator of the
Heisenberg XYZ model with bosons in excited modes [8].
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The roton quasiparticle is an object of interest of
both theoretical and experimental physicists since
early 40th, when L. Landau introduced peculiar dis-
persion relation for excitations in Helium-II to ex-
plain phenomenon of super-fluidity. This topic has
been broadly discussed, especially within the Bogoli-
ubov approximation. However, the roton state has
never been found as the exact solution of the many-
body Hamiltonian.

Figure 1: Upper panel: artist’s view of the system of
many dipolar atoms on the ring. Bottom panel: the dis-
persion relation for excitations is presented. The result of
numerical calculations is compared with the Bogoliubov
approximation.

In our work [1] we solve exactly the many-body 1D
model of atoms interacting via short range attractive
and long range repulsive dipole-dipole forces. Peri-
odic boundary conditions imply the conservation of
total momentum. We find that the so called yrast
states, i.e. the lowest energy states with the fixed to-
tal momentum, may contain elementary excitations
known from the Bogoliubov approximation. In par-

ticular, we identify the celebrated roton state. More-
over, with our exact methods we go to stronger inter-
actions, beyond the validity of Bogoliubov approxi-
mation. We also discuss a possibility of verifying our
results by an experiment with dysprosium atoms. Es-
pecially, we observe that for the roton state the sec-
ond order correlation function g2 exhibits enhanced
regular modulation.
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Atomtronics seeks to realize circuits of cold-atoms
guided with laser light or magnetic means. This tech-
nology can create arbitrary potentials, which for ex-
ample can be used to study the atom analogue of
the superconducting quantum interference device[1]
or realize quantum phases[2]. The Aharonov-Bohm,
and its dual, the Aharonov-Casher effects have been
extremely fruitful in physics and are of central impor-
tance for quantum technologies. With Atomtronics,
these effects can be realized in a ring system with
neutral cold atoms and an artificial magnetic field
(see Fig.1 or [4]).

Here, we study the quantum transport for interact-
ing bosons through two specific atomtronic circuits: a
ring condensate coupled to leads and a Y -junction[3].

In the ring system, the transport through the ring
depends on various parameters like Aharonov-Bohm
flux, atom-atom interaction, properties of lead reser-
voir, and coupling between ring and leads. We study
the dynamics and the current of this system using
analytic methods, tDMRG and an open system ap-
proach. We find that for a non-equilibrium quench,
the steady-state is independent of flux, however the
dynamics towards the steady-state is affected by flux.

In the second system, we study the dynamics of
interacting bosons in a Y -junction. This system dis-
plays Andreev-like reflections with negative ampli-
tude at the junction. We study the cross-over from
Andreev-like reflections to regular reflections depend-
ing on the coupling strength of the Y -junction.
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Figure 1: Atomtronic setup consisting of a superfluid con-
densate in a ring lattice with two attached leads. The dy-
namics is controlled by Aharonov-Bohm flux Φ and ring-
lead coupling K. Particles tunnel between ring sites with
rate J and particles interact on-site with strength U .
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Fast and accurate control of spin and motion for
atoms or atomic packets is quite demanding in atom
interferometry, metrology and quantum information
processing. Recently, the concept of shortcuts to adi-
abaticity enable us to speed up the conventional slow
adiabatic process, and design the fast non-adiabatic
protocols for expansion, rotation, transport and pop-
ulation transfer of internal states, see review [1].
In my talk, we first discuss the fast transport of an

atom or a packet of atoms (see Fig. 1) by different
kinds of non-harmonic traps including power-law trap
(Un(x) = mηn[x− x0(t)]

2n/(2n) with n ≥ 1 an inte-
ger where x0(t) denotes the trajectory of the bottom
of the trap to be determined). We also consider now
another type of non-harmonic potential that is the
sum of a harmonic confinement and (i) a cubic anhar-

monicity: mω2
0 (x− x0(t))

3
/3ξ, or (ii) a quartic an-

harmonicity: mω2
0 (x− x0(t))

4
/(4ξ2), where ξ quan-

tifies the strength of the anharmonicity. The study
is based on the reverse engineering method. First-
ly, exact results are obtained and applied to design
robust transport protocols. Then, for both cubic an-
harmonic potential and quartic anharmonicities, the
optimization of the transport trajectory is performed
with classical trajectories, and remains valid for the
transport of a wave packet. We also investigate the
robustness of the transport of a packet of atoms in the
framework of classical and quantum mechanics [2].
Secondly, we apply another strategy to transport

atoms which is that we combine the invariant-based
reverse engineering method, perturbation theory, and
optimal control theory to design the fast and optimal
transport. Since the actual optical traps are Gaus-
sian rather than harmonic, we bound the relative dis-
placement between the trap center and the center of
the mass, and find the optimal trajectories for mini-
mizing the average anharmonic perturbation energy
to obtain high fidelity [3].
Finally, we consider the fast transport and spin

control of spin-orbit coupled Bose-Einstein condense.
Our starting point is the Hamiltonian is H =
p2/2m+(1/2)mω2[x−x0(t)]

2+α(t)p σz, where α(t)
is a controllable SOC strength, adjusted by the ge-
ometry of two Raman lasers, ω is time-independent
potential frequency and σz is the corresponding 2×2
Pauli matrix. We shall consider three cases. (i) When
α is constant, the adiabatic transport with constan-

Figure 1: Schematic diagram of atomic transport in an
effective one-dimensional Gaussian trap (dashed red line),
approximated as a harmonic trap plus anharmonic quar-
tic term (solid black line) from x = 0 to x = d.

t velocity and spin precession are illustrated. (ii)
The counter-diabatic driving, implemented by com-
pensating force, are exactly produced by such spin-
orbit coupling, when α = ẋ0. (iii) More generally,
we apply reverse engineering method to design the
trap trajectory and spin-orbit coupling strength for
fast transport and spin flip simultaneously, for spin-
orbit-coupled Bose-Einstein condensates in a moving
harmonic trap.
All these results presented here will be compared

with the new technique for designing the shortcuts
based on inverse engineering combining with varia-
tional principle [5].
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X. Chen, J. Phys. B: At. Mol. Opt. Phys. 49,
125503 (2016).

[4] X. Chen, R.-L. Jiang, J. Li, Y. Ban, and E. Ya.
Sherman, Phys. Rev. A 97, 013631 (2018).

[5] J. Li, K. Sun, and X. Chen, Sci. Rep. 6, 38258
(2016).



A three-mode treatment of spin-1 Bose-Einstein ultra-cold
quantum gases with spin-orbit coupling

J. Cabedo∗, J. Mompart, and V. Ahufinger
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Spin-orbit coupling (SOC) links a particle’s spin
to its motion and has a crucial role in the electronic
properties of many condensed matter systems, being
at the basis of phenomena such as the spin-Hall effect
and topological insulators. The high level of control
of ultracold atoms makes them ideal candidates to
engineer spin-orbit coupling in neutral systems [1].
In particular, by dressing two atomic spin states of a
Bose-Einstein condensate (BEC) with a pair of lasers
in a Raman configuration, spin-1/2 SOC can be real-
ized, with equal Rashba and Dresselhaus couplings.
Its phase diagram is characterized by the existence
of three phases: the stripe, the plane-wave and the
single-minimum phase, which merge in a character-
istic tricritical point [2–4]. Furthermore, larger spin
SOC can be realized by dressing three or more inter-
nal atomic states [5] [6].

Spin-1 SOC can be engineered by two simultaneous
Raman transitions, which at weak coupling lead to a
triple-well in the lowest band of the single-atom dis-
persion relation. Here we investigate the properties
of spin-1 SOC quantum gases following a three-mode
approximation [7]. We derive a many body Hamil-
tonian for a trapped and dressed weakly interacting
gas, which is numerically and analytically studied.
The non-locality in momentum space of the two-
body interaction processes gives rise to interaction-
mediated tunneling-like terms. Notably, an effective
two-particle tunneling dominates at weak trapping
regime, which supposes a marked deviation from the
position space triple-well many-body problem (Fig.
1). This term is responsible for step-like variations in
several observables, such as the transverse spin po-
larization, the condensed fraction and the quantum
correlations in the ground state of the system as the
strength of the interactions is increased (Fig. 2).
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A general quantum many-body state is fully de-
fined by the complete set of its correlation functions,
where the most intriguing low-temperature phases
are oftentimes characterized by strong correlations
and large-scale entanglement of particular types or
in specific bases. On the road towards studying such
phases, great progress has been made over the last
years, realizing low-entropy small- or medium-sized
itinerant quantum systems with ultracold atoms and
characterizing them either by phase, position or mo-
mentum correlations.
Our approach, which I will present on this poster,
is based on three main ingredients: The determinis-
tic preparation of fermionic few-body systems allows
us to engineer specific strongly correlated quantum
states of interest. In addition, a newly developed
high fidelity, single atom and pseudo spin-resolved
imaging system grants access to the measurement of
correlations of in principle arbitrary order. Finally,
as our imaging method works also in free space, we
can access different measurement bases, in particular
in real and momentum space, for the same quantum
state.
Demonstrating our approach, I will present recent
measurements on real and momentum space corre-
lations induced by interactions in a Fermi-Hubbard
dimer as well as correlations purely by quantum
statistics in the form of a high contrast fermionic
Hanbury-Brown Twiss experiment (Figure 1). Fur-
thermore, I will present ongoing efforts utilizing these
methods to study low entropy mesoscopic quantum
systems both in 1D and 2D.

Figure 1: High contrast fermionic Hanbury Brown-Twiss
experiment. We prepare two indistinguishable fermions
in a double well potential with exactly one atom per side.
Then we measure the two-point momentum correlation
function < k1k2 > by constructing a two-dimensional his-
togram of the measured momenta k1 and k2 of the two
particles. We observe a sinusoidal oscillation in the dif-
ference coordinate |k1 − k2| with a contrast of 82% and a
periodicity given by the lattice momentum.
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Light fields with broad photon bunching offer
broad applitaction potential. From an infinite set of
these states, the thermal state is of very significant
importance. Thermal state has maximum entropy for
the given constant average energy and so it uniquely
determines the Bose-Einstein (B-E) statistics of any
mode of thermal radiation. Ideal thermal radiation
can be directly applied in diagnostics of quantum
states and processes, enhancement of nonlinear ef-
fects and metrology, quantum imaging, generation of
nonclassicality, or pioneering tests of quantum ther-
modynamics and quantum key distribution.

Due to technical difficulties in generation and de-
tection of thermal light, various workaround meth-
ods were developed. Light scattered by a rotating
ground-glass disc is a common example of a pseu-
dothermal light with high fidelity. To generate and
detect thermal light from some natural emission pro-
cess, strict modal filtering is required. In addition,
due to the short coherence times corresponding to the
light with large spectral bandwidth, the time uncer-
tainty of photon arrivals due to the intrinsic detector
jitters typically hinders a direct confirmation of ideal
thermal statistics.

From large number of reports on observation of
photon bunching from natural light sources, the ideal
bunching has been so far presented only in a single
experiment with light source corresponding to atoms
in magneto-optical trap reported recently in [1]. Be-
sides relatively high technical demands on the experi-
mental setup due to the necessity of laser cooling and
vacuum isolation, this approach fundamentally lim-
its the bandwidth of emission spectra. Importantly,
the bare observation of ideal bunching does not un-
ambiguously proof the detection of the thermal light
photon statistics.

Here, we report on a direct measurement of ideal
bunching and thermal photon number probability
distribution on light generated by the excitation of
warm atomic vapor with spectral bandwidths at the
order of Doppler-broadened atomic transition lines
[2]. The observability of the ideal photon bunching is
achieved by the high single modeness of the detected
light and sufficiently narrow spectral bandwidth rela-
tive to the timing jitter of the single photon detectors.
They result in directly measurable B-E statistics of
generated light, which allows the evaluation of en-
tropy for given mean photon number.

Fig. 1-a) shows the measurement of the second-
order correlation function g(2)(τ) in regime where
detector jitter impact is negligible. The evaluated
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Figure 1: The measured g(2)(τ). Measured data are rep-
resented by black points, solid red line corresponds to
the theoretical fit. Error bars correspond to single stan-
dard deviation. a Direct measurement of the ideal photon
bunching. b Broad bandwith regime measurement. Blue
dashed line represents deconvolued data to undo the finite
detector resolution efect.

value g(2)(0) = 1.99± 0.01 represents, albeit theoret-
ically expectable, long awaited and experimentally
desired goal. We further measure B-E statistics us-
ing spatially multiplexed single photon detectors. To
characterize the quality of observed B-E statistics,
we employ the fundamental definition of the thermal
light as light with maximum Shannon entropy for
given mean photon number H =

∑
n p(n) log p(n).

We get the H = (144546 ± 4) × 10−8, which is
in perfect agreement with the theoretically expected
Htheory = 144546 × 10−8.

Thermal light generated from warm atomic va-
por can benefit from the large Doppler-broadened
atomic emission spectra. Fig. 1-b) shows the mea-
sured g(2)(τ) with the broadband Fabry-Pérot filter
in the detection channel. Due to the limited detection
time resolution the g(2)(0) decreases. However, when
deconvolution is applied to undo the effect of the de-
tectors jitter, the ideal value of g(2)(0) = 2.00 ± 0.04
is recovered.

The proof of ideal thermal state photon statistics,
together with the large observable generated photon
bandwidth of σν = 270 MHz and the extreme tech-
nological simplicity of the presented scheme suggest
a potential applicability of the presented light source
for the enhancement and speed-up of large number of
applications from both quantum and classical optics.
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Gases of ultracold Bose atoms possessing internal
spin degrees of freedom - spinor Bose gases - offer
a remarkable variety of possibilities for the investi-
gation of quantum fluids and many-body quantum
dynamics. Tremendous experimental progress has
been made using Bose-Einstein condensates (BECs)
in which all magnetic sub-levels of a single hyper-
fine ground state are condensed [1, 2]. In such sys-
tems, the interplay of spin collisional dynamics and
magnetic field shifts governs the dynamics. This
has led to the generation of quantum spin squeez-
ing and many-body entanglement, and the study of
quantum phase transitions and other quantum many-
body phenomena. We propose a method to ‘manu-
facture’ spinor physics using cavity-assisted Raman
transitions instead of spin collisions [3].

Our scheme borrows from earlier schemes for engi-
neering effective Dicke models for ensembles of two-
level systems strongly coupled to a quantised cavity
mode [4, 5], but generalises it to integer spins. This
model allows for the study of the Dicke phase transi-
tion equivalently to two-level systems, with such an
approach having been demonstrated in a study of
non-equilibrium phase transitions in an imbalanced
Dicke model [6].

Such a model can also be used to go beyond cur-
rent experiments. Compared to two-level systems,
integer spins have extra degrees of freedom, which
means there are different ways to initiate the ensem-
ble, manipulate excitations and constrain the dynam-
ics. This can result in novel entangled states and the
redistribution of quantum noise in ways that are not
possible with two-level systems. The Dicke model
can also be augmented with extra terms specific to
spinor physics, allowing for a wide range of engi-
neered Hamiltonians.

The cavity-assited Raman transitions we use to im-
plement the effective Dicke model can be detuned
such that the cavity mode may be adiabatically elim-
inated. In such a limit, we are left with a system of
interacting spins described by an effective Hamilto-
nian very similar to that of collisional dynamics in
a spinor BEC under the single mode approximation
(i.e., where the spatial degrees of freedom are frozen
out). This allows us to emulate certain experiments
performed in spinor BECs such as the production of
spin-nematic squeezing [3]. However, since the sys-

tem is both open and engineered, these methods pro-
vide greater flexibility than collisional dynamics. Al-
tering the Hamiltonian allows for the study of a range
of Lipkin-Meshkov-Glick models and several different
squeezing protocols, whilst the open nature of the
system gives a window into the system and allows for
dissipative preparation of system dark states [7].

Our proposals could also be adapted to other quan-
tum optical systems. For example, nanofibre and
photonic crystal waveguide experiments can produce
a much higher single atom-cavity coupling rate than
the Fabry-Pérot cavity considered in the work above.
This means that to reach large values of effective cou-
pling in our Dicke model does not require the collec-
tive enhancement of an ensemble, and instead such
interactions can be engineered for one or a few atoms.
This could allow for the in-line generation of cus-
tomised superradiant light pulses. Another possibil-
ity is to extend proposals for spin-1/2 lattice models
with atoms in photonic crystal waveguide systems [8]
to integer-spin systems, tuneable in form, strength
and range.
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Over the last two decades, Bose-Einstein condensa-
tion (BEC) has enabled the study of non-linear waves
in atomic systems, the so-called matter-wave solitons.
These structures emerge in mean field descriptions of
BECs, as provided by the Gross-Pitaevskii equation
(GP), which incorporate a non-linear term propor-
tional to the interatomic interaction strength g. An
interesting scenario within mean field descriptions is
the study of multicomponent BECs systems, which
can be described by a set of coupled GP equations.
This fact inspired the study of matter-wave solitons
in this setting, and a new solitonic structure has been
found: dark-dark solitons [1, 2, 3]. Particular atten-
tion has been given to the so-called Manakov limit
in 1D settings, where the intra- and inter-condensate
particle interactions match [2].

We study the 1D dynamics of dark-dark solitons in
binary mixtures of Bose-Einstein condensates away
from the Manakov limit (g 6= g12) with repulsive in-
terparticle interactions within each condensate (g >
0) [4]. By using an adiabatic perturbation theory in
the parameter g12/g, we show that, contrary to the
case of two solitons in scalar condensates, the interac-
tions between solitons are attractive when the inter-
particle interactions between condensates are repul-
sive g12 > 0. As a result, the relative motion of dark
solitons with equal chemical potential is well approx-
imated by harmonic oscillations of angular frequency

wr =
µ

h̄

√
8

15

g12
g
. (1)

We also show that in finite systems, the resonance
of this anomalous excitation mode with the spin den-
sity mode of lowest energy gives rise to alternating
dynamical instability and stability fringes as a func-
tion of the perturbative parameter g12/g, see Fig. 1.
In the presence of harmonic trapping (with angular
frequency Ω) the solitons are driven by the superpo-
sition of two harmonic motions. When g12 < 0, these
two oscillators compete to give rise to an overall effec-
tive potential that can be either single well or double
well through a pitchfork bifurcation. All our theoret-
ical results are compared with numerical solutions of
the Gross-Pitaevskii equation for the dynamics and

the Bogoliubov equations for the linear stability. A
good agreement is found between them.

Figure 1: (Color online) Bogoliubov modes in 1D rings
of different size (untrapped case). The upper panel de-
picts the real part of the frequencies and the lower panel
the imaginary parts. The solid and dashed lines corre-
spond to Eq. (1) and the spin density mode with lowest
energy, respectively; the crossing of which indicates the
appearance of instabilities.
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Recent experimental progress has opened the door
for exploration of the unitary Bose gas, which would
lead to a deeper understanding of quantum many-
body physics. This strongly interacting Bose gas is
profoundly influenced by three-body phenomena such
as the universal Efimov effect. Experiments with ul-
tracold atomic gases revealed that the range of the
two-body potentials is very important in the con-
text of Efimov physics. We study finite-range effects
on the universal Efimov spectrum for three identi-
cal spinless bosons interacting via several two-body
potentials. First of all, we consider a square well
potential and several separable approximations for
this potential. Such two-body approximations are
often used to go from few to many-body systems in
the strongly interacting regime. We test the validity
of these separable approximations on the three-body
level in the context of Efimov physics and we show
the limitations of such simple models. An example
of such comparisons can be found in figure 1 which
illustrates the Efimov spectrum for a shallow square
well potential.

Secondly, we consider interactions with a Van der
Waals tail. We calculate the three-body recombina-
tion rate at zero collision energy by solving the Fad-
deev equations in the momentum-space representa-
tion. We also study ultracold atom-dimer scatter-
ing processes. The Efimov features related to these
three-body scattering processes are studied in a way
which has not been done before. Our methods al-
low us to switch off any part of the considered inter-
action model without affecting the unitarity of the
scattering matrix and to study the corresponding ef-
fects on the three-body observables. In particular,
we show how d-wave dimer states modify the Efimov
spectrum and the related observables. For example,
figure 2 shows how well the results of our methods
agree with those of the adiabatic hyperspherical ap-
proach. It also shows that we can relate features in
the recombination rate to specific dimer states.
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Figure 1: Energy of the lowest three Efimov states (green
and red curves) calculated near the first potential res-
onance of the square well potential. The green curves
involve the full square well potential as two-body interac-
tion, whereas the red dashed curves involve a separable
approximation for the square well potential. The blue
line is the binding energy corresponding to the s-wave
dimer state. The inset shows the relative energy differ-
ence between the energies of the s-wave dimer state and
the second Efimov state as a function of the inverse scat-
tering length.
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Figure 2: Zero-energy limit of the three-body recombina-
tion rate as a function of the two-body scattering length
near the first potential resonance of the Lennard-Jones
potential. The red data points correspond to a Lennard-
Jones potential from which the expansion term which in-
cludes the (almost) bound d-wave dimer state is removed.
This shows that the two peaks are related to this (almost)
bound d-wave dimer state. The yellow curve is the data
from Ref. [1] which is obtained from the adiabatic hyper-
spherical approach. Our results (blue data points) agree
well with this position-space approach. More details of
these features of K3 can be found in Ref. [2].
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We investigate the ground state properties of ul-
tracold atoms trapped in a two leg ladder configura-
tion in the presence of an artificial magnetic field in
a staggered configuration. We focus on the strongly
interacting regime, and using Landau theory of phase
transitions in addition to mean field Gutzwiller vari-
ational method, we determine the stable superfluid
phases in this system. We calculate the boundaries
between the Mott-insulator and different superfluid
phases as a function of magnetic flux and uncover re-
gions of possibly new superfluid phases. In addition,
we calculate the currents and momentum distribution
of these superfluid phases, which clearly indicate the
staggered vortex anti-vortex configuration per unit
cell.

In the tight binding regime, neutral bosonic atoms
confined in optical lattices are described by the single-
band Bose-Hubbard model, which was already exten-
sively analyzed and shown to give rise to two com-
peting phases, the gapped Mott insulating phase and
the compressible superfluid phase [1]. In recent years
the influence of artificial gauge fields applied to these
lattice systems has been progressively studied, which
simulate the effect of an applied magnetic field on
charged particles [2]. The case of a staggered mag-
netic flux in two-dimensional systems was studied as
well, which, for certain flux strengths, gives rise to
new superfluid phases with nontrivial momentum and
current distributions [3].

As a next step we explore the effect of a staggered
magnetic flux in one dimension only. Since at least
two spatial degrees of freedom are needed to allow for
a circular-like motion and therefore the potential cre-
ation of vortices, we restrict our system to a quasi-1D
geometry of a ladder (see Fig. 1). The Bose-Hubbard
Hamiltonian for a two-leg ladder with legs of the lad-
der denoted by a and b and with a staggered magnetic
flux α (see Fig. 1) can be expressed by

H = −J
∑
j

(
e(−1)

jiαâ†j âj+1 + e(−1)
j+1iαb̂†j b̂j+1 + h.c.

)
−K

∑
j

(
â†j b̂j + h.c.

)
+
U

2

∑
j,p

n̂pj
(
n̂pj − 1

)
−
∑
j,p

µn̂pj .

The first term describes particles tunneling between
different rungs of the lattice with strength J and an
Aharonov-Bohm phase of ±α, with opposite signs
for alternating lattice plaquettes. The second term

b

a

K

J

α α α α

Figure 1: A two-leg ladder lattice subject to a staggered
magnetic flux α.

refers to tunneling between the legs of the ladder with
strength K, and the third term expresses the on-site
interactions with a potential U .

We calculate the single-particle spectrum in the
non-interacting limit which shows clear effects of the
staggered flux. Next, we study the strongly inter-
acting regime and use Landau theory to determine
the different superfluid phases, which gives rise to
the phase diagram shown in Fig. 2. The effect of the
flux on the phase boundaries between the superfluid
and the Mott-insulator is analyzed by performing a
Gutzwiller variational method. Finally, the momen-
tum and current distributions are computed to iden-
tify the distinct vortex configurations of the arising
superfluids.
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Figure 2: Critical interaction strength U plotted against
flux α. The two superfluids are characterized by a stag-
gered vortex anti-vortex configuration.
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Optical parametric amplification processes have
been widely studied for their unique noise properties
and their many possible applications in metrology,
imaging and telecommunications. They have thus
been implemented in different media such as non-
linear crystals and waveguides through three-wave
mixing or fibers through four-wave mixing (FWM).
In such processes, one or two strong driving pump
field(s) Ωc play the role of a reservoir of photons for a
signal Ωs and an idler Ωi fields, where Ωc,s,i are Rabi
frequencies. Depending on the relative phase between
these three fields, photons can be transferred from the
pump(s) to the signal and idler fields or conversely.
Such noiseless phase sensitive amplification (PSA)
process allows the generation of squeezed states of
light, which are of interest for quantum optics, atomic
memories, entanglement swapping, and quantum in-
formation processing protocols. Very large quantum
noise reduction up to 10 dB have been achieved using
crystals, but down-converted photons are spectrally
mismatched with atomic systems used for storage.
PSA achieved directly through FWM in atomic sys-
tems does not have this drawback and is a subject of
active interest [1].

In atomic systems, FWM efficiency can be boosted
up using coherent population trapping (CPT) [2]. In
this work, following the experimental results of [3],
we isolate a novel FWM process, enabled by CPT,
leading to efficient PSA through atomic superposi-
tion of states. This process is permitted by the ex-
ploitation of two transitions starting from the same
twofold degenerate ground state (Fig. 1.a). The D1

transition is resonantly excited by a strong pump field
that induces CPT, defining bright |+〉g and dark |−〉g
states, where |±〉g =

[
|+1〉g ± |−1〉g

]
/
√

2. Ultra in-

tense four-wave mixings can then be obtained from
the dark state via the D2 transition: signal and idler
fields detuned by ±δ from the pump (see Fig. 1b in-
set) are amplified through the following FWM paths

via |±2〉2 : |−〉g
Ωc→ |+〉2

Ω∗
s,i→ |+〉g

Ωc→ |0〉1
Ω∗

i,s→ |−〉g ,

via |0〉2: |−〉g
Ωc→ |0〉2

Ω∗
s,i→ |+〉g

Ωc→ |0〉1
Ω∗

i,s→ |−〉g .

where |±〉2 = [|+2〉2 ± |−2〉2] /
√

2.
This leads to a strong PSA (Fig. 1b) of the sig-

nal/idler fields even for low optical densities and out-
of-resonance excitation of the D2 transition. In our
room-temperature metastable jelium cell of 2.7 op-
tical depth, gain up to 9.3 dB are reachable. The

Figure 1: (a): D1 and D2 transition of metastable he-
lium, excited by a (red) pump and a (blue) signal/idler or-
thogonally and linearly polarized fields. Due to selections
rules, grey levels are not relevant. Ω± Rabi frequencies
decomposition in the circular σ± basis. (b) Measurement
of the signal/idler fields transmission, as function of their
detuning δ from the pump. Scanning the relative phase
between the fields, we extracted the maximum (•) and
minimum (◦) gain. The bandwith of the process is the
bandwith of the CPT induced by the pump.

enhancement of four-wave mixing can interpreted in
the framework of the dark-state polariton formalism
and we have develop an analytic treatment to extract
the properties of the amplification process, and show
that it has the properties of a perfect squeezer.
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Hybrid quantum systems represent one of the most
promising routes in the progress of experimental
quantum physics and in the development of quan-
tum technologies. In a hybrid quantum system two
(or more) different quantum systems interact in the
same experimental setup. Therefore, these compos-
ite systems benefit from both the properties of each
single system and from the presence of an interaction
term, leading to the emergence of new variables that
can be experimentally manipulated.

A promising hybrid quantum system is the one re-
alized by the combination of an ultracold atomic gas
and trapped ions [1]. Ultracold atoms and trapped
ions are two of the most studied physical systems
for the implementation of several quantum technolo-
gies, like e.g. quantum simulation, quantum com-
putation, and quantum metrology. When trapped
together, atoms and ions interact via an interaction
potential that scales asymptotically with R−4, where
R is the interparticle distance, due to the electrostatic
(attractive) force between the ion’s electric monopole
and the atom’s induced dipole. Interestingly, this po-
tential has a typical range on the order of 100s of nm,
i.e. approx. two orders of magnitude longer than
the range of atom-atom interactions. Several studies
have proposed to use this interaction to realize new
quantum simulations [2], study few-body physics [3],
and control atom-ion chemical reactions [4, 5].

We are currently developing a new experimental
apparatus for the realization of an ultracold atom-
ion quantum hybrid system made of a quantum gas
of fermionic Lithium and one (or a few) Barium ions.
The ions will be trapped using a Paul trap, while the
neutral atoms will be first cooled at ultralow temper-
atures and then transported optically into the ions’
trapping region. The choice for the elements ensures
that atoms and ions in their electronic ground state
will not undergo charge-exchange collisions, i.e. in-
elastic processes for which an electron is “exchanged”
between the two colliding particles. Additionally, the
large mass ratio ensures an efficient cooling of the ion
in the ultracold gas.

We will present the current state of advancement
of the new experimental apparatus - which represents
the first ion trapping experiment in Italy - and give

an overview of some of the experiments that we plan
to realize with this novel atom-ion hybrid system.

We first plan to study atom-ion interactions at
the quantum level, i.e. when collisions can be de-
scribed by one or a few partial waves. In this regime,
it will be possible to search for atom-ion Feshbach
resonances, which were predicted [6] but never ob-
served so far. By reaching a high level of control over
atom-ion interactions we plan to simulate many-body
physics with a single impurity probe. In particular,
we will investigate out-of-equilibrium phenomena like
the Anderson Orthogonality Catastrophe originating
in a spin polarized ultracold Fermi gas when the in-
teraction between the fermions and a single localized
impurity is suddenly changed [7]. This will be real-
ized e.g. by changing the ion’s internal state in the
presence of a Feshbach resonance, leading to the cre-
ation of a coherent superposition between the ion’s
internal state and the many-body state evolution.
These quantum states of the atom-ion mixture will
represent an ideal platform to investigate fundamen-
tal quantum mechanics, out-of-equilibrium phenom-
ena and quantum thermodynamics.
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by P. Törmä and K. Sengstock, Imperial College
Press, 2014 arXiv.1401.3188.

[2] U. Bissbort, et al. Phys. Rev. Lett. 111, 080501
(2013).
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The propagation of sound is an important feature
for the understanding of superfluid systems. In liquid
helium the two-fluids model has predicted the exis-
tence of two sound modes, which have been then ob-
served [1]. The first mode corresponds to the in-phase
oscillation of the density of the superfluid and of the
normal phase, whereas the second mode corresponds
to the out-of-phase oscillation of their entropies.

In dilute quantum fluids, the propagation of sound
has also been of huge interest. In the case of strongly
interacting Fermi gases the picture is similar to liquid
helium because of their small compressibility [2, 3, 4].
In that respect, the case of weakly interacting Bose
gases is different and the nature of the two modes
is modified [5]. The second sound is mainly due to
superfluid part of the gas and its study is helpful to
gain information about the superfluid properties of
the gas.

The dimensionality of the gas is an important pa-
rameter for the propagation of sound, as it influ-
ences the thermodynamics of the gas. In a three-
dimensional Bose gas, the superfluid fraction goes
continuously from 1 at T = 0 to 0 at T = Tc, and
the speed of secound sound goes from the Bogoliubov
speed of sound to zero. In a two-dimensional Bose
gas, because of the Berezinskii-Kosterlitz-Thouless
transition, the superfluid fraction reaches a non-zero
value right below the critical point and disappears
right above it, and so does the predicted speed of
sound of the second mode [6].

I will present the experiments that we have been
performing with two-dimensional uniform Bose gases:
We observe the propagation of sound and measure
its velocity and its damping rate from a highly de-
generate regime to above the critical temperature.
The sound we observe is corresponding to the second
sound of the two-fluids model. Below Tc, our obser-
vations are in good agreement with the theoretical
values of the two-fluids model. Above Tc, we still ob-
serve the propagation of sound, which we attribute
to non-isentropic sound.

For temperatures where the damping of the sound
is low, we also excite standing waves in our trap to
corroborate our measurements.
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Figure 1: Propagation of a soundwave. (a): We add a
local potential to create a density dip on one side of the
cloud. (b) We remove abruptly the potential. After a
variable propagation time we integrate the density along
the x axis to see the propagation of the density dip. The
black line shows the wavefront and gives a good measure-
ment of the speed of sound.
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Matter-wave optics concerns itself with the manip-
ulation of atomic beams in free space, for example,
the focusing of an atomic cloud into a tight spot. One
of the goals in the field of atom optics is to realize
atom-optical elements that are analogous to conven-
tional optical devices, such as mirrors[1], 3D lenses
[2] and beam-splitters [3]. This can drive advances
in several fields such as precision measurements [4],
nanolithography and detection of small condensate
fractions [5].

Initially, atom optics used thermal beams created
by the supersonic expansion of a buffer gas. The de-
velopment of laser-cooling and trapping then allowed
the preparation of thermal samples of atoms down to
nano Kelvin temperatures [6]. More recently, Bose
Einstein condensation (BEC) led to the development
of coherent atom beams an atom lasers [7, 8], giving
the opportunity to investigate macroscopic quantum
phenomena in dilute atomic gases. [9]

The scope of this work is to investigate the factors
limiting the quality and size of the final image ob-
tained in focusing experiments using time dependent
magnetic lenses; to identify the sources of aberra-
tion; and finally to reach diffraction-limited focusing
of atomic patterns.

We are using a BEC of Rubidium atoms as the
initial source that guarantees near perfect spatial co-
herence. This matter wave will be manipulated using
an optically generated phase mask, and then imaged
using magnetic lenses. We present preliminary re-
sults of condensate focusing using Quadrupole-TOP
(QTOP) magnetic lenses.

Figure 1: BEC focusing using a QTOP lens
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One of the challenges of quantum physics is the un-
derstanding of the behaviour of many-body systems
both at and out of equilibrium. Many theoretical
methods have been developed to analyse these prob-
lems and of these one of the most valuable and in-
sightful has undoubtedly been the use of variational
solutions. These, if chosen intelligently, allow us to
gain a clear view of the physical mechanisms at work,
while keeping the mathematical complexity of the
problem sufficiently low, so as to be able to perform
numerical computations.

A particularly successful and widely used family of
variational states is represented by Gaussian states.
They are described by a relatively small number of
parameters which scales as N2, where N is the num-
ber of modes of the system. Calculations involv-
ing Gaussian states are made even simpler by the
application of the Wick theorem. For these rea-
sons, variational methods involving Gaussian states
have been extensively developed and applied both
to bosonic [1] and, later, to fermionic systems [2].
Many well-known many-body states such as the Bo-
goliubov BEC ground state or the BCS superconduc-
tivity ground state also belongs to this class of Gaus-
sian states.

Despite these successes, Gaussian states also have
some clear limitations. Most importantly they fail
to describe correctly systems which exhibit strong
correlations between the bosonic and fermionic sec-
tors. For this reason a more general framework has
been developed and mathematically characterised [3],
which also includes some families of Non-Gaussian
states. These are obtained in a computationally ef-
ficient way from Gaussian ones through the applica-
tion of some fixed sets of unitary transformations.
For states of these different forms several interesting
techniques have been formalised.

Firstly, we can implement a time dependent varia-
tional principle to efficiently search for the variational
ground state. This involves projecting the imaginary
time evolution equation

∂

∂τ
|ψ〉 = − (H − 〈H〉) |ψ〉

onto the tangent plane of the variational manifold,
thereby obtaining closed dynamical equations for the
state parameters. By simply solving this set of or-
dinary differential equations, one reaches a solution
of the problem of minimising the energy of the vari-
ational states.

By similar projection techniques one can obtain the
best variational approximation of the real time, out
of equilibrium evolution of the system. Finally, by
restricting and diagonalising the Hamiltonian in the
tangent plane of the manifold, we can approximate
the spectrum of local excitations close to the ground
state.

The objective of our work is to apply the meth-
ods discussed above to the well-known problem of in-
teracting Bose-Einstein Condensates. The standard
treatment of this problem, the Bogoliubov theory, de-
scribes an approximate ground state which belongs
to the Gaussian variational family. However, from
the way in which it is constructed, it is not clear
whether it actually is the lowest energy state within
this Gaussian variational manifold. We will show, us-
ing the variational imaginary time evolution method,
that it is possible to find a better approximation of
the ground state within the family of translationally
invariant Gaussian states:

|ψ〉 = eβ0b
†
0−β̄0b0e

∑
k

1
2λkb

†
kb
†
−k−

1
2 λ̄kbkb−k |0〉

where b†k is the creation operator of the mode of mo-
mentum k, and β0 and λk are the variational param-
eters which describe the state.

Furthermore, by studying the problem’s Hamilto-
nian restricted to the variational manifold’s tangent
plane around the ground state, it should be possible
to find and describe a set of elementary excitations
of the system which are potentially not contained in
the set of independent quasi-particle excitations de-
scribed by the Bogoliubov theory.

Finally, we hope to address whether it is possi-
ble to define a Non-Gaussian set of transformations
which can expand our variational ansatz to include
even better approximations to the ground state of the
system.
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While Anderson localization, i.e. localization of a
single particle in a disordered potential [1], is well
understood, the situation for many interacting par-
ticles is much more complicated [2]. This topic,
dubbed many-body localization, has recently received
much attention [3]. The ”standard model” of many-
body localization is the disordered Heisenberg spin-
1/2 chain:

H = J

L∑
i=1

~Si · ~Si+1 +

L∑
i=1

wiS
z
i , (1)

where wi represent random on-site potentials and are
drawn from some distribution given on the interval
[−W,W ]. It is known that, for large disorder val-
ues , the model exhibits many-body localization [3].
In many theoretical works the common choice of the
distribution is a uniform continuous one and all quan-
tities have to be averaged over many disorder realiza-
tions.

We study a simpler situation – where the averag-
ing could even be performed at a modest cost [4, 5] –
where the potential is drawn for a discrete distribu-
tion with 2, 3, 4 or 5 possible values [6]. All of them
are symmetric with zero mean.

The results have been obtained by exact diagonal-
ization for a spin chain of length L = 16 with periodic
boundary condition (for the binary distribution also
open boundary condition). In the ergodic phase, it
is expected that the statistical properties of the en-
ergy levels follow the Gaussian Orthogonal Ensemble
of random matrices. When system exhibits localiza-
tion, the spectrum should follow a Poisson distribu-
tion. A simple quantity to characterize the transi-
tion from the ergodic phase at low disorder to the
localized phase at large disorder is the mean ratio 〈r〉
between consecutive energy levels. This is illustrated
in Fig. 1, where 〈r〉 is plotted vs. the square root of
the variance of the disorder distribution. The various
curves are almost identical, which suggests that the
transition between ergodic and localized phases is in-
distinguishable between models. A small deviation,
due a specificity of periodic boundary condition, is
observed and understood for the binary distribution.
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Figure 1: Mean ratio 〈r〉 between consecutive energy lev-
els versus the standard deviation of the disorder strength.

Complementary numerical simulations mimicking
the observable used in cold atoms experiments [7]
confirm that discrete distributions behave very simi-
larly to the uniform continuous distribution.
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In one dimension, the Bose–Fermi mapping the-
orem [1] establishes that the systems of strong in-
teracting bosons and noninteracting fermions, in the
same trapping potential, have the same ground state
energy. Furthermore, the ground state wave function
of the strongly interacting bosonic system is obtained
by symmetrizing the noninteracting fermionic one by
taking the absolute value [1, 2].

In contrast, in two or more dimensions, the theo-
rem does not apply. Only in one dimension the space
is completely separated in two pieces by fixing the po-
sition of a particle [1]. However, the mechanism de-
scribed by Girardeau whereby the particles can avoid
feeling the interaction remains a possibility. The in-
teraction induces correlations to the system of bosons
in such a way that the probability of two particles be-
ing at the same position vanishes [3]. In this way, the
expectation value of the interaction energy vanishes
and then we say that the bosons avoid feeling the in-
teraction, although it has a big effect on the system.

The system of two interacting identical bosons in
a two-dimensional isotropic harmonic trap [4, 5] is
described by the Hamiltonian [6, 7],

H = H0 + V (|~x2 − ~x1|), (1)

where the noninteracting part of the Hamiltonian
reads

H0 =

2∑
i=1

(
− h̄2

2m
∇2

i +
1

2
mω2~x 2

i

)
, (2)

and the interaction is modeled by means of a
Gaussian-shaped potential,

V (~x1, ~x2) =
g

πs2
e−
|~x2−~x1|

2

s2 . (3)

The interaction strength is controlled by g, while s
defines the interaction range. We always consider
purely repulsive interactions, g ≥ 0, and we concen-
trate on the dependence on both the strength g and
the range s of the interaction.

We compare the numerical calculations for the
ground state of two interacting bosons by exact di-
agonalization of the Hamiltonian with the properties
obtained from the analytical wave functions that de-
scribe two noninteracting bosons,

ΨB(R,ϕR, r, ϕr) =
1

π
e−R

2− r2

4 , (4)

two noninteracting fermions,

Ψ±F (R,ϕR, r, ϕr) =
1

π
√

2
e−R

2− r2

4 re±iϕr , (5)

and the corresponding symmetrized wave function,

Ψ|F |(R,ϕR, r, ϕr) =
1

π
√

2
e−R

2− r2

4 r, (6)

where ~R ≡ 1
2 (~x1 + ~x2) is the center-of-mass coordi-

nate, ~r ≡ ~x1 − ~x2 is the relative coordinate and we
have used harmonic oscillator units, i.e. the length
in units of

√
h̄/(mω).

We show [7] that, for the two-boson system, Ψ|F |
is a very good variational trial wave function and it
provides an upper-bound very close to the ground
state energy obtained by exact diagonalization in the
short-range and strong interacting limit. Moreover,
the distribution of the energy between the kinetic and
harmonic potential parts in that limit also coincides.
We show that some of the properties of the strong in-
teracting two-boson system resemble the noninteract-
ing fermionic ones. In particular, the density profile
and the two-body correlation function [6, 7].
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Modern quantum technologies in the fields of quan-
tum computing, quantum simulation and quantum
metrology require the creation and control of large
ensembles of entangled particles. In ultracold ensem-
bles of neutral atoms, highly entangled states con-
taining thousands of particles have been generated,
outnumbering any other physical system by orders of
magnitude. The entanglement generation relies on
the fundamental particle-exchange symmetry in en-
sembles of identical particles, which lacks the stan-
dard notion of entanglement between clearly defin-
able subsystems.

Here we present the first step to make the parti-
cles distinguishable again by splitting the ensemble
into two spatially separated clouds (Fig. 1). Before
the splitting, the created state is very similar to a
twin Fock state [1]. The created state is created
in an excited spatial mode of the external tracking
potential and thus allows for a separation into two
independent spatial modes. We record the spin cor-
relations between the two atomic modes. Based on
these measurements, we certify that the two spatially
separated clouds are entangled by employing a novel
entanglement criterion. The criterion is specifically
well suited for the detection of entanglement for our
type of split Twin Fock states [2].

Because of the obtained spatial addressability, our
experiments open a path to exploit the available en-
tangled states of indistinguishable particles for quan-
tum information applications and spatially resolving
sensing applications. As an example, our set-up can
be extended to demonstrate Bell non-locality in our
bipartite system.

[1] B. Lücke, J. Peise, G. Vitagliano, J.

Arlt, L. Santos, G. Tóth and C. Klempt,

Detecting Multiparticle Entanglement

of Dicke States, Phys. Rev. Lett. 112,
155304 (2014).

A B

Figure 1: Generation of entanglement between two
spatially separated atomic clouds. (A) A Bose-
Einstein condensate of atoms in the Zeeman level mF = 0
is prepared in a crossed-beam optical trap. Collisions
generate entangled pairs of atoms in the levels mF = ±1
(spin up/down), in the first spatially excited mode. The
created multi-particle entangled ensemble is naturally di-
vided into two clouds (red and blue). (B) The atomic
density profile obtained from an average over 3, 329 mea-
surements is shown in the background. The entanglement
between the two clouds (indicated by green lines) in the
system can be detected by analyzing spin correlations.
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Kruse, G. Vitagliano, I. Apellaniz,

M. Kleinmann, G. Tóth and C.
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Atomic physics and solid-state devices have de-
veloped on nearly parallel tracks for several years.
Surely, the breakthroughs of ultra-cold quantum
gases are owing to the impetuous development of pho-
tonic devices (Integrated micro-optics, etc.) and, re-
ciprocally, new solid state devices are tightly related
to the progress in quantum gaz control (Bose Einstein
condensate). But at this level each domain has re-
garded the other merely as a tool provider. Over the
last decade, however, the concept of hybrid systems
where the quantum mechanical properties of coupled
systems cannot be disentangled has dawned and then
spurred a blossoming research activity.

Our project aims at realising an hybrid quantum
system by engineering Bose and Fermi quantum gaz
dynamics in close proximity, and strongly interact-
ing with, nano-structured surfaces that generate sub-
wavelength lattice potentials with tailored electro-
magnetic properties to trap the atoms. Such sys-
tem is a very promising experimental platform which
belongs to the class of so-called Quantum Simula-
tors. For the quantum physics and condensed matter
communities, these simulators represent a great inter-
est that could enlighten the conduction properties of
graphene, the behaviour of cuprates and other high-
Tc superconductors or the properties of edge states
in topological insulators. In the current state of the
art, the experimental techniques and technology of
Quantum Simulators generate optical lattices in the
far-field and are therefore fundamentally limited to
a lattice spacing of λ/2. Such large spacing con-
strains the relevant energy scale (tunneling, interac-
tion) and prevents to enter deeply into the proper
quantum regimes to observe magnetic quantum cor-
relations or strongly correlated phases predicted by
solid state theory. Hybrid simulator as we propose
will bridge the gap between solid state (0.1 nm) and
optical (500 nm) crystals, therefore exploiting simul-
taneously regimes free of far field fundamental limi-
tations and cold atom controllability to offer a new
platform to study many body physics.

On the theoretical side, the nano-structured sur-
face can be engineered to generate trapping poten-
tials using the Doubly Dressed State (DDS) method
recently proposed and numerically demonstrated by
our team [1]. The difficulty of trapping atoms near a
surface comes from the Casimir-Polder forces, that is
to say a strongly attractive force between atoms and
the surface. The DDS method consists in dressing

Figure 1: Hybrid quantum simulator: atoms (black balls)
are trapped by near fields (red) modulated by the dielec-
tric surface (blue cylinders). Figure by M. Bellouvet.

the excited state by a spatially varying field (surface
plasmon polaritons) to doubly dress the ground state
to form a strong potential barrier. This results in a
controllable trapping potential with a tunable trap-
ping position (down to tens of nanometers from the
surface) formed by Casimir Polder attraction at long
distances and DDS repulsion at short distances.

The DDS trapping method can be extended to
nano-structured surfaces as presented in figure 1. In
such case, the Casimir Polder potential is periodically
modulated in the transverse direction which creates
an optical lattice potential with sub-wavelength pe-
riod and controllable lattice depth [1].

On the experimental side, we are currently finalis-
ing the setup to reach the quantum degeneracy using
an hybrid approach for optical evaporation. Also,
a super-resolution technique is being developed to
make site resolved imaging of atoms trapped in a sub-
wavelength potential.

[1] M. Bellouvet, C. Busquet, J. Zhang, P. Bouyer
and S. Bernon, arXiv:1710.05696.
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Figure 1: Simulation of quench-induced dynamical equi-
libration for slow, typical and fast quenches.

The formation of an equilibrium state from an un-
correlated thermal one through the dynamical cross-
ing of a phase transition is a central question of quan-
tum many-body physics. During such crossing, the
system breaks its symmetry by establishing numer-
ous uncorrelated regions separated by spontaneously
generated defects, whose emergence obeys a univer-
sal scaling law with the quench duration. The ensu-
ing re-equilibrating or “coarse-graining” stage is gov-
erned by the evolution and interactions of such de-
fects under system-specific and external constraints.
We perform a detailed numerical characterization of
the entire non-equilibrium process associated with
the Bose-Einstein condensation phase transition in a
three-dimensional gas of ultracold atoms, addressing
subtle issues and demonstrating the quench-induced
decoupling of condensate atom number and coher-
ence growth during the re-equilibration process. Our
findings agree, in a statistical sense, with experimen-
tal observations [1] made at the later stages of the
quench, but they also provide valuable information
and useful dynamical visualizations in currently ex-
perimentally inaccessible regimes [2].

[1] S. Donadello et al., Phys. Rev. A 94, 023628
(2016).
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The Heisenberg spin model, which describes spins
on a lattice, is a textbook model for magnetism and
superconductivity [1]. We simulate the collective
Heisenberg model with 30,000 fermionic potassium
atoms in a three-dimensional harmonic oscillator po-
tential. We change the interaction strength between
two hyperfine states using an s-wave Feshbach reso-
nance. In the weak scattering regime [2], atoms are
frozen in single particle quantum harmonic oscillator
modes, and mode-changing collisions are suppressed
during the timescale of the experiment (see Fig. 1).
Due to the spatial overlap of quantum harmonic oscil-
lator wavefunctions, the lattice interactions become
long-range. Thus, we simulate a lattice spin model
without a physical lattice [3, 4, 5, 6, 7].

Beginning with a system fully magnetized in the
transverse direction, we measure the dynamics of the
magnetization and observe a dynamical transition
from ferromagnetic-like dynamics where the trans-
verse magnetization is stabilized by an energy gap,
to a gapless paramagnetic-like state. We find excel-
lent agreement with theory given by a Hamiltonian
(eq. 1) with spin couplings Jij between spins ŝi and
an inhomogeneous field hi (due to a real space effec-
tive magnetic curvature which maps to a mode space
gradient):

Ĥ/h̄ =
∑
i

hiŝ
Z
i −

∑
i,j

Jij ŝi · ŝj (1)

We map out the dynamical phase diagram by tun-
ing the interaction strength and the magnetic field
inhomogeneity. Near the dynamical phase transi-
tion [8, 9, 10, 11], interactions open an energy gap
that protects against demagnetization and causes os-
cillations in the magnetization. We also observe
the failure of the spin model at larger scattering
lengths where mode-changing collisions become sig-
nificant. To summarize, we show that weakly inter-
acting Fermi gases can simulate the non-equilibrium
dynamics of lattice spin models.
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We calculate an out-of-time-ordered correlator
(OTOC) of a prepared state in many-body localiza-
tion. The OTOC has recently been applied in many-
body localized systems to measure the spreading of
information[1, 2, 3, 4]. Previous studies has been fo-
cused on a thermal ensemble average of OTOC. We
investigate that the thermal ensemble average is rep-
resented by the OTOC of typical states prepared un-
der certain condition.

We prepare random product states of spins. Each
state consists of randomly oriented spins whose pro-
jection onto z-axis is fixed at v. The OTOC of the
prepared state is given by

F (t) = 〈ψ|W (t)VW (t)V |ψ〉 (1)

where |ψ〉 is a prepared state, W,V are local opera-
tors, W (t) = eiHtWe−iHt, and H is a Hamiltonian of
a disordered Heisenberg spin chain. We compare time
evolution of the OTOC of the prepared state with the
thermal ensemble average in infinite temperature.

We present time evolution of the averaged OTOC
in Fig. 1. The OTOC is first averaged over the states
with the same v, and next averaged over the disor-
der realizations with its square. We find that the
OTOC of the states of v = 0 well describes the ther-
mal ensemble average in the localized system. As the
v increases, the average over corresponding states be-
comes far from the thermal ensemble average. The
distributions of OTOC across the disorder realiza-
tions also show the same pattern.

We also investigate an inverse participation ratio
(IPR) over eigenstates. A state with low IPR is a
evenly superposition of eigenstates. An expectation
value of an operator with low IPR state closes to
the thermal ensemble average. In Fig. 2, we observe
that the states of the smaller v is more likely to have
the lower IPR. This is consistent to the fact that the
states of smaller v shows the similar OTOC with the
thermal ensemble average.

We have confirmed that the thermal ensemble av-
erage of the OTOC is well represented by the random
product states composed with spins in the XY -plane.
We suggest possible application for the experimental
measurement of OTOC in trapped ion systems.
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Figure 1: Time evolution of OTOC in many-body local-
ized system with system size L = 12. 1000 disorders are
realized and 30 initial states are prepared.
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Figure 2: Probability distribution of inverse participation
ratio across disorder realizations with system size L =
10. 10000 disorders are realized and 100 initial states are
prepared.
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The interaction of an impurity with a surrounding
medium is one of the most fundamental concepts in
physics. A prime example is the electron placed in
a crystal lattice. Here the interaction with the lat-
tice phonons causes the formation of a quasiparticle
coined the polaron [1]. Utilizing the versatile toolbox
of Bose-Einstein condensates (BEC), the interaction
may be tuned between impurity and medium, thus
creating a platform for studying the polaron. This
led to the very first observation of the Bose polaron
in 2016 [2, 3].

In the Aarhus experiment the polaron is realized
using two different spin states of 39K. An interstate
Feshbach resonance is employed to tune the interac-
tion between the two states. This allows probing of
both the attractive- and repulsive polaron branch by
radio frequency spectroscopy.

Recent theoretic work have shown a nontrivial tem-
perature dependence, where the Bose polaron state
splits at finite temperature and attractive interaction
between medium and impurity [4]. I will report on
our recent experimental efforts in observing this split-
ting.
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The fundamental study and technological applica-
tion of complex atomic systems such as Bose-Einstein
condensates (BEC) and many-body systems neces-
sitate precise manipulation of the system dynamics
(e.g. Fig. 1 [1]). For instance, recent experiments
have demonstrated that BEC prepared outside the
ground state can probe novel many-body dynamics.
However, the current preparation time scale is of the
same order of magnitude as the decay of the excited
states, which fundamentally limits the purity of all
subsequent studies. The quest for experimental pro-
tocols realizing the dynamics necessary to transfer
a prepared initial state into a desired target state
within the shortest possible time can be solved within
the mathematical framework of Quantum Optimal
Control. However, despite enjoying success in many
arenas the standard flavours of quantum control algo-
rithms are not always capable of finding fast enough
solutions to the required precision. It is the purpose
of our current work to improve current quantum op-
timal control to search for faster methods of system
preparation. In the search for new and robust algo-
rithms, our recent group algorithm[2] combines gra-
dient based optimization with a parametrization of
the control in a reduced basis. This combination si-
multaneously addresses the individual disadvantages
of the grape and crab algorithms (briefly outlined
below). Using group we succesfully found better
solutions to problems previously attacked by other
control algorithms (compare Fig. 2 b)-c)).

In the grape algorithm the dimensionality of the
optimization problem is equal to the number of sim-
ulation time steps which can be on the order of thou-
sands. The crab algorithm instead expands the con-
trol in a reduced function basis {fn}Mn=1 where the
optimization is now performed on the space of basis
coefficients {cn}Mn=1 which is typically in the order
of tens. The drawback of the crab is that it uses
a Nelder-Mead simplex method to perform the opti-
mization. No gradient information is used to choose
a descent direction.
group addresses this issue by explicitly calculat-

ing the full gradient of the cost wrt. the coefficients.
Fig. 2 [2] shows the optimized controls found by
group and crab to drive a 1D BEC obeying Gross-
Pitaevskii mean field dynamics from the ground state
into the first excited state of a slightly anharmonic
potential [1, 2]. group significantly improves the fi-
delity of the transfer and also display increased con-
vergence rates.

Figure 1: (Excerpt from [1]) Vienna atomchip experi-
ment. Driving the BEC into the first excited state is an
initialization step of a twin-atom beams source.

Figure 2: (a) Optimal controls found using group (red)
and crab (blue). The control is held constant after the
vertical dashed line. (b) Condensate density |ψ(x, t)|2
using group optimal solution with a transfer fidelity to
the first excited state of F = 0.999. (c) Same as (b)
using crab, showing residual oscillations due to a final
fidelity of F = 0.92.
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Strongly magnetic atoms allow the study of few- and many-body e�ects arising from long-range, anisotropic
dipole-dipole interactions. Up to now, experiments with dipolar lanthanoids focus on the single-species
operation. We present an experimental setup which for the �rst time combines the two highly magnetic
atoms, erbium and dysprosium, in a three-chamber apparatus. In the main experimental chamber we cool and
trap the mixture in a two-species magneto-optical trap (MOT), which operates on an intercombination line.
We demonstrate a novel MOT con�guration which, due to the narrow-line character together with gravity,
employs only �ve beams in an orthogonal open-top con�guration [1]. The atoms are then transferred into an
optical dipole trap for evaporative cooling to the degenerate phase. Our experiment plans to investigate Bose-
Bose, Bose-Fermi and Fermi-Fermi mixtures with imbalanced dipolar strength and to study the unexplored
interspecies scattering physics with dipolar atoms. A second chamber will allow us to investigate the Rydberg
physics with our multi-electron atoms which feature an optically active core. Furthermore, an additional
chamber is dedicated to explore the fascinating quantum phases predicted for dipolar atoms in optical lattices.
For this, we plan to build a quantum gas microscope with single-site resolution in a highly-controllable
magnetic environment. Atoms will be transported from one chamber to the others in an optical tweezer
covering a total distance of around 80 cm. After the realization of the two-species magneto-optical trap and
the Bose-Einstein condensation of Er and Dy, the experiment is currently at the stage of investigating the
interspecies scattering physics.

[1] P. Ilzhöfer et al., A two-species �ve-beam magneto-optical trap for highly magnetic Er and Dy atoms,
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Our experimental set up features a dual layer
atom chip on which elongated one dimansional quasi
Bose–Einstein condensates (BECs) of 87Rb atoms are
trapped and manipulated. The atom chip enables a
precise control of the trapping potential ranging from
single harmonic traps with static magnetic fields to
radio frequency dressed anharmonic or double well
potentials. BECs are detected with a (single-particle)
sensitive light sheet imaging system after a long time
of flight. With these tools several exciting experi-
ments are currently conducted.

One experimental realization is matter-wave inter-
ferometers on BECs in double well potentials [1][2] or
with motional states of a BEC in a single anharmonic
trap, enabled by optimal control theory (OCT) [3].

Optimal control of motional states in double well
potentials is used for creating a source of entangled
atom pairs. BECs in excited states inside a dou-
ble well potential emit momentum correlated pairs of
atomic beams, also referred to as twin beams. Cur-
rently we are working on quantifying the entangle-
ment of these twin beams and demonstrating a vio-
lation of Bell’s inequality [4].

Further research interests are the application of
OCT to create number squeezing in BECs split in
double well potentials, which can increase sensitiv-
ity in interferometric applications, and to perform
more than one measurement on the same BEC fa-
cilitated by outcoupling a small fraction of atoms,
which allows us to further study the effect of quan-
tum measurement back-action and to perform weak
measurements on BECs.
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We study a single impurity immersed in a Bose-
Einstein condensate in the perturbative regime to
second order in the interaction. We show that the
formation of the Bose polaron stems from decoher-
ence of the impurity and the condensate – the bath.
For the full system this is a dephasing process of all
other states than the polaron state. In the zero mo-
mentum case we derive rigorous analytical results for
the decoherence and successfully link this to known
results in the long time limit. We find that the for-
mation time of the polaron is given by the ratio of
the condensate coherence length and speed of sound.
We show that below the Landau critical momentum
of the condensate, the impurity only decoheres par-
tially settling at the polaron residue. In the long time
limit we recover the residue and polaron energy pre-
viously calculated, hereby benchmarking our results.

Non-equilibrium many-body dynamics is an out-
standing challenge in quantum gases. Cold atoms
provides a platform where the effect of the interac-
tions can systematically be studied. The cold atoms
platform has opened up for new fundamental ques-
tions. This includes probing many-body localiza-
tion [1], linked to the breakdown of ergodicity [2, 3]
and more generally non-equilibrium dynamics in cold
atomic gases [4]. Until now the Bose polaron, an
impurity residing in a Bose-Einstein condensate, has
systematically been studied in the steady state using
various theoretical techniques [5, 6, 7, 8, 9, 10, 11, 12].
As such the polaron energy and spectral signal is now
well-studied and has successfully been measured ex-
perimentally [13, 14]. Some dynamics of the phononic
dressing has also been studied in the strongly inter-
acting regime [15] and recently the same group has
further studied trajectories of impurities and polaron
formation using a dynamical RG approach [16]. How-
ever, a well-understood picture of polaron formation
and decoherence between the impurity and the con-
densate as a quantum reservoir is yet to be formu-
lated.
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Spin-orbit coupling is an essential ingredient for
various interesting phenomena in condensed matter
physics. Therefore it is an important part of experi-
mental efforts in quantum simulation using ultracold
atoms [1].

Various groups realized the spin-orbit coupling us-
ing schemes involving laser light. Many of them
use two-photon Raman transitions between hyperfine
states (ex. [2]) or pseudospin states (ex. [3]). The
interaction between atoms and laser light in these
schemes generates heating and losses.

In this abstract, we briefly describe the ongoing
work in our lab for implementing spin-orbit cou-
pling without using laser light. We periodically drive
two hyperfine states of Na with a spin-dependent
force. Time average of our spin-dependent force is
zero. Consequently, the two spin states are back to
their original velocities after one period of the drive.
On the other hand, there is an accumulated relative
phase between two states because of the difference in
energies of the two spins.

We combine each period of the drive with a short
RF pulse. Using the Floquet formalism, one can show
that this is an effective spin-orbit coupling Hamilto-
nian(see the suplementary material of [4] for details).
Alternatively, we can also see the combined process as
a velocity selective spin flip where we compensate the
accumulated phase due to the spin-dependent force
by choosing a proper RF detuning.

Our periodic drive is a sinusoidally-modulated
quadrupole field of an anti-helmholtz coil pair. We
also apply a constant bias field such that the modu-
lation is effectively one-dimensional. Finally, the RF
field is perpendicular to the bias direction.

The momentum transfer in the spin-orbit coupling
Hamiltonian is linearly proportional to the amplitude
of the modulated magnetic field gradient. Generat-
ing high enough modulated magnetic gradient am-
plitude (∼ 100G/cm at 10kHz) was an experimental
challenge for us because of the distance of our anti-
helmholtz pair to the atoms and Eddy currents in
our vacuum chamber. We also developed a method
to distinguish the velocity-selective effect from other
experimental artifacts.
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The large impact of ultracold atoms on
modern physics is due to the great versa-
tility they offer to explore new quantum
phenomena. Most notably, Feshbach res-
onances represent a formidable tool in or-
der to smoothly tune the scattering length,
and with it the interaction strength be-
tween atoms (Figure 1). Originally con-
ceived in the context of nuclear physics by
Herman Feshbach [1], they have, since then,
found numerous other applications in sev-
eral fields, including atomic and molecular
physics as well as condensed matter physics.
In particular, higher partial wave Feshbach
resonances (l > 1) have been predicted to
give access to complex order parameters
and quantum phase transitions. For exam-
ple, Cooper pairs with p- or d-wave sym-
metry arise in p-wave superfluids like 4He
or d-wave high-TC superconductors, respec-
tively [2, 3]. Here, we report on our progress
on studying the temperature dependent col-
lisional properties of a Fermi gas of 40K in
the vicinity of a new d-wave Feshbach res-
onance. To this end, we first characterize
the nature of the two-body losses before an-
alyzing the dynamical evolution of the spin
composition while reaching thermal equilib-
rium.

Figure 1: Scattering length across a Feshbach
resonance for fermions. Left hand
side: BEC limit; Right hand side:
BCS limit.
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The realization of mixtures of BECs of different
components, where no buoyancy between the two
components is present, opens the possibility of study-
ing many-body effects in spinor condensates, both
at zero and finite temperature[1, 2]. When the two
components of this mixture are resonantly coupled
with an external field, it is theorically predicted[3]
a stationary solution where the relative phase be-
tween the two components exhibits a 2π winding
when crossing a domain wall. This solution is in-
teresting to study for instance, the quantum sim-
ulation of confinement in QCD. In our lab it was
recently shown[1] the possibility to create misci-
ble and stable two-components BECs using atomic
Sodium in the

∣∣32S1/2, F = 1,mF = +1
〉

= |↑〉 and∣∣32S1/2, F = 1,mF = −1
〉

= |↓〉 states.
Towards the realization of these systems, we have

realized a source of ultracold sodium atom (similar to
[4]) that is able to produce samples of 4 · 109 atoms
trapped in a 3D Dark-Spot MOT. The atoms are then
cooled with gray molasses [5] down to ≈ 14µK before
being loaded into a hybrid magneto-optical trap, that
has been specifically designed to work inside a passive
magnetic shield made of an high magnetic permeabil-
ity alloy (µ-metal) in order to stabilize the magnetic
field in the region down to the µG level. The hybrid
trap consists of a quadrupole magnetic trap (QMT)
and a tight optical dipole trap (ODT) focused be-
low the center of the QMT[6]. The ODT is slowly
loaded with atoms coming in the QMT, increasing
the phase-space density by three orders of magnitude
as well as preventing spin-flips at the center of the
QMT. Performing evaporative cooling ramping down
the ODT power we achieve condensation of 6 · 106

atoms[7].
The next steps will be the installation of the mag-

netic shield and characterization of the magnetic field
stability, realization of a coherently coupled two-
components BEC and moving towards the experi-
mental study of the formation of the couples of vor-

tices and of the confinement behaviour.
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e-mail: Anna.Dawid@fuw.edu.pl

In last 15 years ultracold atoms in traps and op-
tical lattices have become a well-established plat-
form to test models of many-body physics in new
regimes [1]. They are used to build systems gov-
erned by the Hamiltonian that reproduce models rel-
evant to condensed matter physics. However, for
most atomic gases the interactions are exceedingly
simple: they are spatially isotropic and sufficiently
short-range to be well approximated by contact inter-
actions. Replacing atoms with molecules opens new
possibilities stemming from their rich internal struc-
ture, more abundant short-range interactions as well
as their dipolar interactions being both long-range
and anisotropic [2]. A wider range of many-body
physics phenomena could be explored with these
more complicated systems e.g. the interaction of
magnetic spins in condensed matter systems as it is
long-range and spatially anisotropic, much like the
electric dipole-dipole interaction. Ultracold trapped
molecules were proposed among others as simula-
tors of extended Hubbard model, polarons transi-
tions and many more. Over the past decade, a sig-
nicant progress has been made in preparing isolated
ultracold few-atom systems experimentally. More-
over, a variety of tools for manipulating and prob-
ing such systems has been developed. Using few-
body quantum systems with complete control over its
quantum state [3] allowed among others for exper-
imental observation of fermionisation phenomenon,
research on crossover between few- and many-body
physics, and realisation of antiferromagnetic Heisen-
berg spin chain. Motivated by all these possible
applications, this work takes first steps towards a
bottom-up molecule-by-molecule assembled molecu-
lar quantum simulator by analysing in detail the sys-
tem of two rotating molecules in a one-dimensional
harmonic trap.

We investigate the properties of two interacting ul-
tracold polar molecules described as distinguishable
quantum rigid rotors effectively trapped in a one-
dimensional harmonic potential. The molecules in-
teract via a multichannel two-body contact poten-
tial incorporating the short-range anisotropy of inter-
molecular interactions including dipole-dipole inter-
action. The impact of external electric and magnetic
fields resulting in Stark and Zeeman shifts of molecu-
lar rovibrational states is also included. Energy spec-

tra and eigenstates are calculated by means of the
exact diagonalisation. The importance and interplay
of the molecular rotational structure, anisotropic in-
teractions, spin-rotation coupling, electric and mag-
netic fields, and harmonic trapping potential are ex-
amined in detail and compared to the system of two
harmonically trapped distinguishable atoms. Pre-
sented model and results may provide microscopic
parameters for molecular many-body Hamiltonians
and may be useful for the development of bottom-up
molecule-by-molecule assembled molecular quantum
simulators.

Figure 1: Schematic representation of the investigated
system and its features. (a) Illustration of two diatomic
polar molecules in a 1D trap in external electric E and
magnetic B fields. (b) The energy spectrum of a rotating
molecule in a 1D harmonic trap. (c) The energy of a polar
molecule in an electric field (Starks effect).
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We are able to produce a sample of up to 4000
87Rb133Cs molecules in the hyperfine and rovibronic
ground state at 181.5 G by following a two step pro-
cess. An initial mixture of 87Rb and 133Cs gas is con-
verted to weakly-bound molecules by magnetoassoci-
ation at an interspecies Feshbach resonance. These
weakly bound molecules are then transferred into the
ground state via stimulated Raman adiabatic passage
(STIRAP)[1] with a one-way efficiency in excess of
90%. This work builds upon our previous successes
transferring the 87Rb133Cs molecules between rota-
tional hyperfine states in free-space [2] and studying
the AC Stark effect within a λ = 1550 nm dipole
trap [3].
The Ramsey sequence allows for high precision mea-
surement in molecules by separating the spectro-
scopic interactions into two separate pulses, sepa-
rated by a fixed interaction time T . Performing these
measurements in free-space is limited by the time it
takes for the molecular cloud to expand and fall out
of our detection region - limited by the size of our
STIRAP beams. By applying an optical dipole trap
we are able to extend this time, however due to the
AC Stark shift of the rotational levels the contrast of

Ramsey fringes is destroyed as the molecular sample
dephases.
By utilising our knowledge of the AC Stark shift [2]
we are able to identify regions where the variations in
intensity across the cloud (typically ∼3% of the peak
intensity) translates to a narrower distribution of fre-
quencies. In one such region on the transition to the
|N = 1,MF = +4〉 from the ground state we are able
to measure a peak coherence time of 0.75(6) ms. We
compare this time to superpositions on the transition
to |N = 1,MF = +5〉 which dephases in < 100 µs.
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Figure 1: The coherence of a rotational superposition in RbCs molecules. (a) A comparison between a rotational
superposition around an avoided crossing and in a linear AC Stark shifted state. (b) Ramsey fringes with contrast
existing over 800 µs (c) The Ramsey fringes for an equivilant superposition of a linear Stark shifted state where
coherence lasts only 100 µs.
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Compared to ultracold atoms, ultracold polar
molecules have a rich internal structure and strong
anisotropic interactions that make them promising
for high-precision measurements, for discovering new
types of quantum matter, or for quantum simulation.
Open-shell polar molecules composed of an alkali-
metal atom and an akaline-earth atom (like RbSr)
are particularly suited for such applications [1]. The
pioneering method to create ground-state ultracold
molecules is photoassociation (PA), namely the reso-
nant excitation of the scattering state of an atom pair
into a bound level of an excited molecular state (Fig.
1), followed by spontaneous emission (SE). In ongo-
ing PA experiments on RbSr [2], a PA laser is slightly
red-detuned from the Sr intercombination transition
5s2 1S → 5s5p 3P1. The observed PA rates are very
weak. Using the methodology of Ref. [3] and our
potential energy curves [4], we show that these low
PA rates originate from the forbidden nature of the
atomic transition. We have also modeled PA toward
the molecular states correlated to the Rb allowed
transition 5s 2S → 5p 2P . The computed PA rates
are found higher by about 5 orders of magnitude than
in the previous case. However SE mainly populates
weakly-bound levels of the electronic ground state.

Assuming that the atoms are initially confined in a
tight optical trap, the initial scattering state can be
represented as a discrete motional level of the trap.
A coherent population transfer like STIRAP (Stimu-
lated Raman Adiabatic Passage) could then be ap-
plied. Our simulation of a STIRAP process from
the lowest trap level to the absolute ground state
leads to unrealistic laser intensities. However, the
creation of molecules in a well-defined weakly-bound
level is found efficient. A second STIRAP sequence
could be implemented for populating the absolute
ground state. Our calculations lead to quite tedious
experimental conditions, while feasible in principle.
Note that a STIRAP process implemented starting
from the recently discovered magnetic Feshbach reso-
nances in RbSr [5] would lead to a similar conclusion.

To circumvent these difficulties, we propose a novel
implementation of an optical Feshbach resonance
based on the dressing of the molecular ground state
by infrared photons. We show that the PA rate can

be enhanced by 6 orders of magnitude as in the case
of Feshbach-Optimized PA [6], and that the PA lev-
els preferentially relax down to the absolute ground
state. In this context, we will discuss further the cre-
ation of ground-state molecules using an adiabatic
frequency ramp (chirp).
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A buffer gas cooled beam of Calcium Monofloride
(CaF) molecule is laser slowed, captured in a
magneto-optical trap (MOT), further sub-doppler
cooled and finally loaded into an optical dipole trap
(ODT). Cooling molecules into the ODT is a fun-
damental step for many application of direct cooled
ultracold molecules. They can be used for quantum
information and collision property research. Further
cooling towards Bose-Einstein Condensate (BEC) is
also possible by sympathetic cooling with atoms.

CaF is a diatomic radical with a single valance
electron, which is similar to already laser cooled
alkaline atoms. However, the rotational and vi-
brational degrees of freedom of molecules make
it challenging to be laser cooled. CaF molecule
has a highly diagonal Frack-Condon factor, which
make it possible to find a cycling transition for
laser cooling. However, several vibrational repump
lasers1 are still needed to scatter enough photons be-
fore molecules leaking into higher vibration states [1].

We utilize a buffer gas beam source to get a
rotational cooled high flux molecule beam, which is
then slowed by a frequency chirped laser. Next, the
molecules are captured in the MOT. CaF has larger
angular momentum in ground state than excited
state, which requires a type-II MOT[2]. Type-II
MOT has dark states in its ground state. Conven-
tional single laser frequency MOT will pump the
populations into these dark states. We implement
radio frequency MOT technique here to quickly
switch between two polarizations and magnetic
gradients [3]. This technique prevents accumulation
of molecules in the dark states. CaF molecular
MOT with temperatures of 340µK and densities of
8× 106 cm−3 is observed.

In order to load the ODT, further cooling of
molecules is required. We use grey molasses for
sub-Doppler cooling here, which relies on optical
pumping and adiabatic population transfer between
dark state and bright state. The dark state feels

1I built an external cavity diode laser as the repump laser.
I also built digital and analog isolators to eliminate the noise
brought by the ground loops.

no AC Stark shift while the bright state does. This
cause the molecules losing energy while climbing up
the potential created by AC Stark shift and being
optical pumped to dark state.[4]. Starting from our
CaF MOT, we sub-Doppler cool CaF to 35µK.

We then load 150 sub-Doppler cooled CaF
molecules into an ODT with a depth of 380µK.
Enhanced loading by a factor of five is obtained
when sub-Doppler cooling light and trapping light
are on simultaneously. For trapped molecules, we
directly observe efficient sub-Doppler cooling to a
temperature of 60µK. The trapped molecular den-
sity of 8× 107 cm−3 is an order of magnitude greater
than the initial sub-Doppler cooled sample. The
trap lifetime of 750ms, is dominated by background
gas collisions2 [5].

The next step is to use an Acoustic Optical
Deflector (AOD) to generate an array of optical
tweezers [6]. Each tweezer can trap at most one
CaF molecule. This setup will allow us to program
the spatial pattern of single molecules. With a
strong enough external electric field that align the
molecules’ permanent electric dipole moment with
the lab frame, we can utilize dipole-dipole inter-
action between two close placed CaF molecules to
implement a 2-qubit gate for quantum information
application.
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Beginning with a buffer gas cooled beam of Cal-
cium Monofloride (CaF) molecules, we perform laser
cooling in order to load a magneto-optical trap
(MOT) from which we have recently demonstrated
loading and further cooling into an optical dipole
trap (ODT). Optical traps are a necessity for using
molecules in quantum computation and simulation
applications. Additionally, molecule-atom collisions
can be studied in an all-optical trap as a step to-
wards implementing sympathetic cooling to produce
a Bose-Einstein condensate of molecules which can-
not be assembled from ultracold atoms.

CaF is a diatomic radical with a single optically
active valance electron. The molecule has rotational
and vibrational degrees of freedom in addition to the
electronic orbital, electronic spin and nuclear spin
degrees of freedom of an atom. Three vibrational
repumping beams 1 are enough to scatter 105 pho-
tons before loosing the molecules to higher vibra-
tional states [1]. The rotational manifold is closed
by dipole and parity selection rules when the upper
state is chosen to be N = 0 and ground state to be
N = 1. CaF is therefore similar to alkali atoms in
terms of the properties of the cycling transition used
for laser cooling and magneto-optic trapping.

Laser cooling on the cycling transition has allowed
molecular magneto-optical traps to be loaded directly
from a buffer gas cell-sourced beam of molecules [2,3].
Molecular MOTs for CaF are type II MOTs, meaning
that the ground state has higher angular momentum
than the excited state. This is analogous to making
a MOT of alkali atoms using the D1 line [3]. Type II
MOTs thus have uncoupled states in the ground state
to which population can decay unless it is re-mixed.
Our CaF MOT is a radio frequency MOT, where
the handedness of the MOT beams and the direc-
tion of the magnetic gradient are flipped at approxi-
mately the optical cycling rate [2]. This ensures that
there are no magnetic dark states to which molecules
can be lost. Molecular MOTs, with temperatures of
340 µK and densities of 8× 106 cm−3, tend to be di-
lute in both density and phase-space density relative
to MOTs of alkali atoms.

The MOT temperature is close to the Doppler
limit, however to eventually load an optical trap, the
temperature needs to be much lower. We implement
grey molasses cooling, which is a type of sub-Doppler

1I built one of the repump lasers

cooling relying on optical pumping between a dark
state and a bright state. The dark state feels no AC
Stark shift, while the bright state couples to the sub-
Doppler cooling beam [4]. Optical pumping between
the bight and dark states removes the potential en-
ergy of the molecules as they move up the optical
potential as felt by the bright state. Our implemen-
tation of sub-Doppler cooling achieves a temperature
of approximately 30 µK.

From the sub-Doppler cooling stage, we next load
an optical dipole trap. The ODT is a single passed
13 W beam of 1064 nm light. With a beam waist
of 29 µm, we achieve a trap depth of 380 µK. We
also observed that more molecules were loaded into
the trap when the sub-Doppler light and trap light
were simultaneously on. Temperature measurements
confirm that we have cooled the trapped sample to
60 µK. Additionally, we observe a density of 8 ×
107 cm−3 in the trap, which is about a factor of 10
higher than in the MOT 2[5]. The ODT lifetime is
750 ms and appears to be vacuum limited. From
the ODT, the next step is to install optical tweezers
loaded with a single molecule per site.

The array of trapped molecules in the tweezers will
be subjected to a strong electric field, which mixes
opposite parity states resulting in a very large perma-
nent dipole moment and hence strong dipolar inter-
actions between neighboring occupied tweezer sites.
Such a configuration will enable the implementation
of a 2-qubit CNOT gate.
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Molecular optical clocks promise unparalleled sensitiv-
ity to proton-to-electron mass ratio and also could find use
as simple prototype systems in searches for physics be-
yond the Standard Model. We propose to observe clock
1S0→

3P0 transitions in weakly bound bosonic 174Yb2
molecules [1]. As in bosonic atomic clocks, a small
transition dipole moment could be induced by means of
a weak external magnetic field [2]. The positions of
1S0+3P0 vibrational states can be predicted to high ac-
curacy using the recently measured 174Yb 1S0+3P0 scat-
tering length [3]. Simulations show that while direct
photoassociation would likely be impractical, one could
instead perform clock spectroscopy using ground state
Yb2 molecules which could be efficiently produced by
STIRAP. Thanks to favorable Franck-Condon factors the
magnetically induced molecular Rabi frequencies can be
comparable, or even exceed the atomic Rabi frequencies
under same laser intensities and magnetic fields. A suc-
cessful observation of these transitions could pave the way
towards Hz-level molecular spectroscopy.

The positions of ground state near-threshold energy
levels of Yb2 have been determined by two-color pho-
toassociation spectroscopy [4]. The positions of vibra-
tional levels of the 174Yb2 molecule near the 1S0-3P0
dissociation limit are determined by solving the radial
Schrödinger equation for a model potential where the long
range van der Waals coefficients are based on ab initio
calculations [5], while the quantum defect is tuned so that
the scattering length of this potential matches the experi-
mental age = 94.84(0.14) a0 [3, 4]. Some of the possible
molecular clock transitions are shown in Fig. 1a.

Optical atomic clocks utilizing bosonic species rely on
external magnetic fields to create an artificial 1S0-3P0 tran-
sition dipole moment by Zeeman mixing of atomic 3P0
and 3P1 states. Applying a clock laser then induces Rabi
flipping between ground 1S0 and 3P0 states at a frequency
Ωat proportional to the square root of laser intensity

√
I

and to the magnetic field |B| [2]. It can be shown that in
a weakly bound molecule, clock spectroscopy can also be
magnetically induced and the molecular Rabi frequency

Ωmol ≈
√

2
√

fFC Ωat, (1)

where fFC =
∣∣∣∫ ∞

0 Ψg(R)Ψe(R)dR
∣∣∣2 is the usual Franck-

Condon factor between ground- and excited-state wave-
functions Ψg(R) and Ψe(R) shown in Fig. 1b. The 174Yb2
dimer has similar vibrational wavefunctions in ground and
excited states which makes the Franck-Condon factors ex-
tremely favorable, of up to 0.95 for the strongest transi-
tion. As a result, the magnetically induced Rabi frequen-
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Figure 1: Molecular clock spectroscopy of 174Yb2. a) Ground
1S0+

1S0 and excited 1S0+
3P0 0−u long range potentials, near-

threshold vibrational states and molecular transition energies
with respect to atomic clock line. b) Radial wavefunctions of
near-threshold bound states in ground and excited electronic
states. c) Magnetically induced molecular Rabi frequencies cal-
culated using Eq. (1). Thanks to favorable Franck-Condon fac-
tors the molecular Rabi frequencies are as large as atomic.

cies, shown as a function of light intensity in Fig. 1c, can
be of the same order as atomic, reaching several Hz at
reasonable magnetic and optical fields of |B| = 1 mT and
I = 1 W/cm2, respectively.
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With the creation of dipolar molecules in their
ro-vibrational ground state, a long-standing scien-
tific goal has been achieved [1, 7]. Ultracold dipolar
molecules at high phase-space density are a promis-
ing tool for the quantum simulation of a large class
of many body effects [8] and for quantum bit ma-
nipulation based on the dipole-dipole interaction. In
our experiment, we use bosonic heteronuclear dimers
of 6Li and 40K in their deeply-bound ro-vibronic
states which possess a large electric dipole moment
of 3.6 Debye and a long lifetime (≥ 200 ms). This
makes them a suitable candidate for investigating
long-range anisotropic dipole-dipole interactions.

Starting from a sympathetically cooled, quantum-
degenerate Fermi-Fermi mixture, we create weakly-
bound 6Li-40K molecules via magnetic Feshbach as-
sociation at 215.6 G in an optical dipole trap. The
initial closed-channel Feshbach state is a superposi-
tion of the highest vibrational X1Σ and α3Σ states
just below the dissociation threshold of the electronic
ground state. In our approach, we select a Fesh-
bach molecular state with a sole singlet admixture.
On the basis of the Asymptotic Bound-state Model
(ABM) [8] we calculate this singlet admixture to be
52% for the case of fully alligned nuclear spins. This
choice allows us to address a single hyperfine state of
the excited states manifold and hence avoid coupling
to several intermediate states during Stimulated Ra-
man Adiabatic Passage (STIRAP) to the molecular
ground state. In particular, we were able to address
very deeply bound states of the A1Σ potential that of-
fer a large overlap with the ground state at this inner
turning point. We present data from our one-photon
spectroscopic survey of the B1Π and A1Σ electron-
ically excited states showing a variety of new lines
complementing existing data of the weakest bound
states. We then present two-photon spectroscopy to
investigate the deeply-bound ro-vibrational levels of
the electronic ground state of 6Li and 40K molecules.
We first were able to identify the v = 3 state by
Autler-Townes spectroscopy, as this state is favored
by the overlap factor and accessibility of the laser
wavelength. More recently, the implementation of a
new dye laser setup provided the necessary output
power and wavelength tuning range for the discovery
of the lower vibrational states v = 2 and v = 1 (see
Fig.1). Based on these measurements we expect the

Figure 1: Fine scan of the observed two-photon resonance
addressing the v = 1 state of the X1Σ electronic ground
state at the 215.6 G Feshbach resonance.

absolute ro-vibronic ground state to become readily
accessible.
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Ultracold polar molecules, such as KCs, offer a
wide range of exciting research areas thanks to their
long-range anisotropic dipole-dipole interactions. Ex-
ample applications include quantum simulation[1],
precision measurement [2], and ultracold chemistry
[3]. In particular, ultracold heteronuclear molecules
confined in optical lattices have been proposed as an
ideal platform for simulating few-body phenomena
in condensed-matter physics, specific applications in-
clude the study of electron interactions in the crystal-
ized structure of solid-state materials, quantum mag-
netism [3] and bilayer superfluidity (Fig. 1) [4].

Our project aims to realize a molecular gas of ul-
tracold KCs molecules in their rovibrational ground
state. First we will cool atomic samples of K and
Cs to BEC temperatures. Careful control of the
magnetic fields will allow us to sweep across a Fes-
hbach resonance to magnetoassociate the atoms to
form KCs molecules. We will then use stimulated
Raman adiabatic passage (STIRAP) to transfer the
molecules to their rotational, vibrational and hyper-
fine ground state. Previous experiments [5] followed
by advances in theoretical calculations [6] have shown
some heteronuclear molecular samples to undergo re-
active collisions of the form 2AB → A2 + B2 and
2AB → A2B + B, considerably shortening their life-
time. Ground state KCs molecules have been shown
to be non-reactive for all possible reaction paths
[6]. KCs also has the advantage over other bi-alkali
molecules in that we are able to produce both bosonic
and fermionic molecules, which is important for sim-
ulating fermionic systems.

Our goal is to precisely measure the interspecies
Feshbach resonances of all K isotopes, building on
the work done by M. Gröbner et al. [7]. To prepare
trapped samples of ultracold Cs and K atoms, we aim
to first make a Cs BEC. We start off by pre-cooling Cs
atoms in a 3D magneto-optical trap (MOT) loaded
from a pyramid MOT and then compress the 3D
MOT to increase the density. Degenerate Raman
sideband cooling (DRSC) [8] will be implemented to
further cool the atomic cloud before we load it into a
reservoir dipole trap. To achieve Cs BEC, we will in-
crease the phase-space density by loading into a dim-
ple trap followed by evaporative cooling. We plan to
use the ultracold Cs to sympathetically cool K atoms

Figure 1: Ultracold fermionic 40K133Cs molecules con-
fined in a one-dimensional optical lattice of two-
dimensional pancake traps. The green spheres represent
40K and the red spheres represent 133Cs. The trap is
constructed by interfering two counter-propagating laser
beam having identical wavevector kL. The dipole mo-
ments of the molecules are aligned by applying an exter-
nal electric field EDC. Such a system may be used to

explore a bilayer superfluidity[4] which the dashed line
represents an interlayer Cooper pair.

to achieve a quantum-degenerate mixture containing
the K isotope of our choice. We present our recent re-
sults towards ultracold mixtures of Cs and K atoms.
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Ultracold molecules with permanent electric dipole
moments offer a unique platform for the study of
quantum many-body physics, quantum information
processing, and quantum chemistry [1]. For this
purpose, diatomic molecules in the absolute, singlet
ground state (i.e., without electronic magnetic mo-
ments) have been created with various combinations
of alkali atoms [2, 3]. Heteronuclear molecules with
additional magnetic dipole moments provide an ex-
tra knob for the control of collision rates and chemi-
cal reactions [1] and for the realization of spin-lattice
Hamiltonians [4]. For this reason, direct laser cooling
of diatomic molecules with both electric and mag-
netic dipole moments have been demonstrated, but
these molecules are far from quantum degeneracy
(temperature & 50µK, density < 107cm-3) [5].

As a different route, magnetoassociation of the ul-
tracold atoms into the loosely bound state followed
by a coherent two-photon transfer to the ground state
has reached closer to the quantum degenerate regime
[2, 6]. By employing this scheme, we have recently
created ultracold, fermionic NaLi molecules in the
triplet ground state (temperature ∼ 3µK, density
∼ 5×1010cm-3) [7]. Unlike other biakali molecules [2],
the triplet ground state NaLi molecules have a long
lifetime of 4.6 seconds due to weak singlet-triplet mix-
ing and slow two-body scattering rates. This is close
to the p-wave universal loss rate limit [7].

In this conference, I will report the results of our
recent experiments with triplet ground state NaLi
molecules, including the rf electron spin resonance
(ESR) spectrosocpy of the ground state hyperfine
structures [7] and optical spectroscopy of the triplet
excited and ground molecular potentials [8].
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Fig. 1: Sample ESR spectra showing distinct loss fea-
tures for transitions in Na |F,mF 〉= |1, 1〉→ |1, 0〉, NaLi
|7/2, 7/2〉→ |7/2, 5/2〉, and Li |1/2, 1/2〉→ |1/2,−1/2〉.
For NaLi, F=F1+ILi, where F1=S+INa and S=sLi+sNa

(s is the electronic spin and I is the nuclear spin) [7].
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The non-equilibrium control of quantum many-
body systems is an exciting research frontier. This
is in part because phases of matter inaccessible in
the static case can be reached through external
driving. Noticeably, recent experiments on cuprates
and alkali-doped fullerides have demonstrated the
possibility of inducing superconductivity above
their critical temperature by optical modulation
[1, 2]. However, these phenomena are not still well-
understood. Some theoretical investigations have
focused on the role of lattice structural dynamics in
phonon-mediated superconductivity [3, 4, 5], while
others pointed to enhanced electron-pairing due to
absorption and emission of energy quanta from the
driving field [6, 7]. Cold atoms offer an excellent
platform for studying the latter aspect owing to the
possibility of observing the dynamics as well as the
excellent control over the microscopic parameters
[8].

Motivated by a recent experiment with neutral cold
atoms in a driven optical lattice, which showed near-
est neighbour magnetic correlations can be controlled
by driving [9], we study the Hubbard model subjected
to periodic modulation of the on-site potential. This
is described by the following time-dependent Hamil-
tonian,

H = −t
∑

〈ij〉, σ

(c†σ, icσ, j + h.c.) + U
∑
i

n↑,in↓,i

+ V cos(Ωτ)
∑
j

jnj , (1)

where t is the hopping parameter, U is the Hubbard
repulsive interaction and V is the driving amplitude.
We focus on the regime where the driving fre-
quency, Ω is close to the Hubbard repulsion energy
(U ≈ Ω). We calculate real-time dynamics for the
one-dimensional case using the time-evolving block
decimation (TEBD) method as implemented in the
Tensor Network Theory library [10]. I will present
results on the effects due to driving on magnetic
correlations and fermion pairings and discuss them
in relation to the Floquet formalism developed in
Ref. [11].
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The accurate preparation of states is a key require-
ment for quantum technology. In order to measure
the accuracy with which this task can be performed,
a distance measure between states is required. Accu-
rate state preparation corresponds to minimization of
this measure. If the preparation process is steered by
external controls, optimal control theory (OCT) pro-
vides means to derive optimized controls, minimizing
the distance measure in use. In general, gradient-
based OCT algorithms are preferable due to faster
convergence. They require, however, the derivative
of the distance measure with respect to the states.
Here, a problem arises as soon as both states, i.e.,
actual and desired state, are mixed. In this case,
the usual distance measures either cannot indicate
state differences correctly, i.e., they are not reliable,
or they are simply not derivable. We propose a new
distance measure between mixed states that is suit-
able for gradient-based OCT and use it to minimize
the thermalization time in the generation of mixed,
squeezed steady states.
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Figure 1: Entangling Molmer-Sorensen (MS) gate fidelity
on increasing number of qubits.

Fully characterizing a quantum process is a daunt-
ing task. Even for two-level systems, one requires
12N measurement settings to gather sufficient infor-
mation to reconstruct the full process acting on N
particles. However, it is possible to verify certain
quantum processes efficiently. A prominent example
of a class of efficiently verifiable processes are op-
erations from the Clifford group, whose error rates
can be estimated using Randomized Benchmarking.
These operations are crucial in quantum information
science as they provide a set of operations that enable
a fault tolerant quantum computer. Exact knowledge
of the error rate is one of the keys in an experimental
quantum computer, as it is directly linked to the fault
tolerant threshold that enables arbitrary long quan-
tum algorithms. We implement multiple benchmark-
ing protocols in our trapped-ion multi-qubit system
and compare these results with gate set tomography.
In the case of two qubits we measure error rates of
less than 1 %. We also investigate the scaling of error
rates with increasing number of qubits and obtain er-
ror rates for entangling operations below 15 % with
10 qubits (see figure 1).
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Quantum repeaters are essential tools for imple-
menting medium to long range quantum communica-
tion and distributed computation activities, to build
a quantum internet [1]. Traditionally Bell tests are
applied to measure the fidelity of channels between
nodes and the overall network [2]. This study aims to
explore the possibility of developing tests of similar
of nature through non-locality tests like Hardy’s test.
The main difference between Bell test and Hardy test
is that in Bell test the combined results are compared
and statistical deviance from inequality limits are in-
vestigated [3]. If there is a violation of Bell type
inequalities, then there are non-local correlations in
the system. The degree of these correlations are de-
cided using entanglement measures [4]. In Hardy’s
test a positive outcome from a single measurement
result can detect the existence of non-local correla-
tions [5]. Since the possibility of obtaining this mea-
surement result is probabilistically low it is arguable
that implementing Hardy’s test instead of Bell test
may or may not result in reduced use of quantum
resources (i.e. entanglement). However logical non-
locality tests may provide other types of benefit such
as reduced classical communication or be used for ro-
bustness and system diagnostics. Hardy’s test can be
accepted either as a novel alternative to Bell test or
a supplementary mechanism to already existing mea-
sures.

A basic form of Hardy-like tests can be formulated
as follows [6]. Consider four boxes which can be either
empty or full with P (0, 1|i, j) denoting the probabil-
ity that box i is empty and box j is full. Then it can
be argued as:

P (1, 1|1, 4) = 0

P (1, 1|2, 3) = 0

P (0, 0|2, 4) = 0

From these it can be seen that P (1, 1|1, 3) = 0
however in QM it can be shown that P (1, 1|1, 3) ≥ 0
hence a logical contradiction is reached so the as-
sumption that finding the boxes empty or full is pre-
determined and independent of which other boxes are
opened is not suitable to experimental outcomes of
physical systems in QM. Hardy’s original proposal
was for spin-1/2 particles, Goldstein furthers his ar-
gument to demonstrate that not just for spin-1/2
bases but for any basis a proof of nonlocality can
be reached from every entangled state which is not
maximally entangled [7].

Choi isomorphism is an isomorphism between lin-
ear maps and linears operators which is essential for
a general theory of quantum networks [8],

C : L(L(H0), L(H1))→ L(H0 ⊗H1) (1)

C : M 7→M10 M10 ≡M ⊗ I0(|I〉 〈I|00) (2)

This allows the comparison of different quantum
channels through fidelity measures;

C ′ ∈ L(L(H)a, L(H)b), D
′ ∈ L(L(H)a, L(H)b) (3)

F (C ′, D′) ≡ f(
C

da
,
D

da
) (4)

f(ρ, σ) ≡ |Tr[
√
σ

1
2 ρσ

1
2 ]|2 (5)

C ′ and D′ at (3) are two quantum channels and C, D
are their Choi-Jamiolkowsky operators. In this set-
ting, F (C ′, D′) is called channel fidelity[9, 10] where
f( C

da
, D
da

) is the state fidelity.

The main idea of this study is to develop a method
to compare Bell-like inequality based measures to log-
ical tests of non-locality. In this context it is impor-
tant to note that above techniques such as quantum
channel fidelity although essential, are not enough.
Similar efforts for certiyfing the building blocks of
quantum computers using Bell’s theorem [11] is al-
ready being undertaken. Developing a method to
add logical tests of non-locality to the arsenal of a
quantum information scientist dealing with practical
outcomes of this field can be considered as the main
goal of this study.
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We are setting up a novel experiment for the
study of quantum many-body systems with engi-
neered long-range interactions. These interactions
are induced by off-resonant laser coupling to Rydberg
states, so called Rydberg dressing [1, 2]. The combi-
nation of state selective laser coupling with the com-
plex interactions between Rydberg atoms enables to
design these interactions with unprecedented flexibil-
ity. A great potential of this dressing technique lies in
the combination of Rydberg induced interactions and
atomic motion in the quantum regime. This requires
the long-range interaction between Rydberg atoms to
be coherent on the timescale set by the atomic mo-
tion. Rydberg dressing has been proposed as a tech-
nique exactly for this purpose. By the choice of the
laser parameters the extremely strong dipolar inter-
actions can be balanced with the rate of dissipative
light scattering. Studying two-dimensional Rydberg
dressed system in an optical lattice will allow us to ex-
plore Hubbard models beyond onsite interactions and
to realize quantum magnets with engineered inter-
spin interactions [3, 4].

A first intermediate goal of our experiment is to
study tailored quantum magnets in microtrap arrays,
where Potassium provides interesting prospects for
deterministic array loading [5, 6]. The microtrap ap-
proach has been chosen in order to have a flexible and
fast system for experiments that require high statis-
tics. We are also developing the high power laser
system for the ultraviolett light designed to maximize
the coupling to Rydberg states.

Here we report on the status of the project and the
progress done in the last year with the construction
of the experimental apparatus.
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One of the greatest challenges of recent efforts aimed
at the development of quantum technologies is the
engineering of ever-larger networks of interacting
qubits: graph states. These will play key roles in
any embodiment of the upcoming quantum devices,
in particular as distributed architectures for informa-
tion processing in measurement-based quantum com-
puting (MBQC), where the availability of specifically
crafted entangled resources is crucial to the success
of a computational task [1]. Moreover, MBQC gives
practical advantages for quantum error correction, of-
fering resilience against noise and decoherence that
naturally affects any graph experimental realization
[2]. The relevance of such resources has prompted
several physical realisations, exploiting different ex-
perimental platforms.
Here we propose an integrated photonic scheme to
build all of the six non-isomorphic complete graph
states of four qubits [3], as shown in Fig.1.

Figure 1: a) Schematic of the chip used to generate ar-
bitrary four-photon graph states. b) Realization of the
two existing 4-qubit graph families by the reconfiguration
of the entangling gate. A state among each class can be
selected by choosing local unitaries on each qubit.

We employ silicon integrated platforms, which repre-
sent one of the most promising approaches in the de-
velopment of large-scale photonic quantum technolo-
gies [4]. The high miniaturisation capability, already
matured in this platform, allows to integrate complex
photonic circuits in small-scale chips, offering great
stability and fast reconfigurability. Our chip is a per-
fect embodiment of state-of-the-art silicon photonics,
embedding four on-chip photon-pair sources, on-chip
filters, a reconfigurable two-qubit gate and local op-
erations. Some preliminary tomographic results are
reported in Fig.2, showing the operating regime of
the device.
Further developments will include experimental re-
alizations of protocols for secret sharing and error-

Figure 2: a.1) a.2)Sources 1 − 3 and 2 − 4 can produce
|φ+〉 Bell states with fidelities 93.05 ± 0.43 and 93.09 ±
0.38% respectively. b) We observe high-visibility reverse
Hong-Ou-Mandel interference fringes (V = 86.0± 3.0%),
giving a measure of the high indistingushability of the
sources. c)Measurement of all of the 16 stabilisers of the
star graph state, and estimation of fidelity.

corrected quantum computing. The capability of
making arbitrary states and arbitrary local rotations
on these states, makes this chip an ideal testbed
for measurement-based protocols and a milestone for
quantum photonic chip scale and functionality. This
is already paving the way for exciting multi-photon
measurement-based experiments.
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Quantum memories are essential for many tasks
in quantum information, especially for long-distance
quantum communication protocols, where optical
memory would be essential to the synchronization of
the different segments of a linear chain of pairs of
entangled atomic ensembles. Successful implementa-
tion of atomic-ensemble quantum memory has been
carried out using different techniques. Many of them
employ essentially first-order ground-state coherences
to store the phase information of the incident fields,
being the overall nonlinear process of storage retrieval
characterized by the third-order nonlinear suscepti-
bility χ(3) of the atomic medium, which is connected
to four-wave mixing.

The present work explores new possibilities for the
selective storage of higher order nonlinearity in a sam-
ple of cold atoms confined in a magneto-optical trap.
Particularly, we demonstrate the storage of a third-,
fifth-, and seventh-order nonlinear atom-light inter-
action into the hyperfine cesium 6S1/2, F = 3 ground
state. The writing process creates gratings associated
with high order nonlinear processes, which can be se-
lectively read by the beam R after a controlled stor-
age time. In each process the atom interacts with a
specific number of photons leading to special features
in the signal of each order. Since such higher-order
nonlinearities are associated with processes involving
a larger number of photons, this kind of memory can
in principle be used to generate multiple quantum-
correlated photons, opening the possibility to extend
the capability of many quantum information proto-
cols.
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Deterministic quantum interactions between
single photons and single quantum emitters are
a vital building block towards the distribution
of quantum information between remote systems
[1]. Deterministic photon-atom state transfer
has been demonstrated by using protocols that
include active feedback or synchronized control
pulses [2, 3]. Here we demonstrate a completely
passive swap gate between the states of a single
photon and a single atom [4]. The underlying
mechanism is single-photon Raman interaction
(SPRINT) [5, 6] an interference-based effect in
which a photonic qubit deterministically controls
the state of a material qubit encoded in the two
ground states of a Λ system, and vice versa. Using
a nanofiber-coupled microsphere resonator coupled
to single 87Rb atoms we swap a photonic qubit into
the atom and back, demonstrating fidelity exceeding
the classical threshold of 2/3 in both directions.
Requiring no control fields or feedback protocol, the
gate takes place automatically at the timescale of the
atoms cavity-enhanced spontaneous emission time.
Applicable to any waveguide-coupled Λ system,
this scheme provides a versatile building block for
the modular scaling up of quantum information
processing systems.

Figure 1: Photon-atom-photon double SWAP process. A
coherent pulse with an average of 0.8 photons writes a
photonic qubit on an atom using SPRINT. The state is
then extracted as a single photon (by sending an unbiased
probe pulse) and analyzed in the write basis.
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Quantum droplets have been recently discovered
as a new liquid-like phase in the context of ultracold
atomic systems [1, 2, 3, 4, 5, 6]. In analogy with
the known classical and quantum liquid droplets,
they are indeed self-bound and incompressible, but
still much more dilute. The self-binding mechanism
arises from the balance of the attractive mean-field
(MF) energy and the repulsive first-order correction
due to quantum fluctuations, the so called Lee-
Huang-Yang (LHY) energy. This liquid-like phase
has been so far observed in dipolar condensates [2, 3]
and only recently in bosonic mixtures [4, 5, 6]. In
our experiment we use potassium-39 atoms in two
different hyperfine states with tunable scattering
lengths to produce a bosonic mixture in the desired
interaction regime [6]. We implement a time-
averaged optical potential in order to compensate
gravity without providing an external confinement
along any direction. In this way we can prove the
existence of self-bound droplets and study their
properties in free space. We characterize the critical
conditions for their existence as well as their size
and composition. Our results are in good agreement
with the theoretical model that first predicted the
liquid-like phase [1]. We also study the dynamics
observed in the formation and time evolution of the
droplet, by comparing our experimental data to the
results of a numerical simulation. We consider a
system of two coupled Gross-Pitaevskii equations
which include the LHY energy as described in [1]
and three-body losses. Interestingly, we find that
while the mixture loses atoms due to three-body
recombination, the size of the droplet decreases in
order to keep a constant density, as expected for an
incompressible system. This work paves the way
to the study of the peculiar features of this new
phase, among which is the unprecedented capability
to spontaneously expel excitations and reach zero
temperature [1].

Figure 1: Phase diagram for the attractive mixture as a
function of the atom number and of the effective scat-
tering length δa = a12 +

√
a11a22, where aij are the

intra/inter-species scattering lengths. The data represent
the minimum atom numbers for the creation of liquid-
like droplets, which are self-bound as shown by the time
of flight (tof) evolution reported above.
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We bring together the concept of quantum steer-
ing as a nonlocal phenomenon and the framework of
collision models for the description of open quantum
system dynamics. As an example we consider a co-
herently driven two-level system (qubit) coupled to a
bath.

If the environment has zero temperature, the re-
duced dynamics of the two-level system can be de-
scribed by the well-known GKSL master equation

ρ̇S = LρS = −iω[σx, ρS ] + γ σ- ρS σ+−
γ

2
{ρS , σ+ σ-}.

(1)
In a collision model the environment A of the sys-
tem S consists of many identical subenvironments
Ai which interact sequentially with the system. In
a suitable continuous-time limit the master equa-
tion (1) can be obtained from this discrete dynamics.

Figure 1: Scheme of a collision model with measurements.
The system S interacts sequentially with the subenviron-
ments Ai. The latter are measured after their collision.

In our approach to steering of the open system
we perform measurements on the subenvironment af-
ter their collision with the system (see Fig. 1). The
system state then depends on the random outcomes
of the measurements. After many interactions the
system state eventually ends up in different sets of
possible states (end point ensembles) depending on
how the subenvironments are measured (see Fig. 2).
Thus, the measurements on the environment steer
the system qubit. This can be demonstrated by the
violation of a steering inequality.

The same approach can be applied to a thermal
bath. Successful steering implies that the system en-
tangles with the environment because steering de-
pends on entanglement. Interestingly, there is no
built-up of bipartite entanglement between the sys-
tem S and single subenvironments Ai of the collision
model if the bath is thermal (see Fig. 3). This shows
that the system gets entangled with the environment
as a whole.

Figure 2: End point ensembles produced by different mea-
surement scenarios on the environment. Depending on
how the environment is measured the system qubit is
steered to different sets of points on the Bloch sphere.
The shown ensembles violate a steering inequality.

Figure 3: We plot the concurrence between the system S
and a single subenvironment Ai after their collision. S is
initially prepared in the steady state ρSS and Ai in the
thermal state ρAi = 1

2
(1 + ησz). The bipartite entangle-

ment depends on the temperature parameter η and the
time step δt. In the parameter region beneath the thin
line the system becomes entangled with single subenvi-
ronments, in the region above it does not. In particular
the critical temperatures for steering ηcrit (blue dots) are
in the parameter region without bipartite entanglement.
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For a few decades, several research groups have
been able to isolate and manipulate single quantum
objects, such as atoms or ions. Controlling interac-
tions between those objects allows engineering spe-
cific Hamiltonians, which can be then studied with
this kind of experimental platforms. In our experi-
mental set-up, we exploit the van der Waals interac-
tion between Rydberg atoms to engineer an Ising-like
Hamiltonian [1].

I will present our latest work on the quantum sim-
ulation of the Ising model on systems of up to 36
atoms [2], assembled in various geometries [3]. We
access different states of the Ising phase diagram by
dynamically changing the parameters of the Hamil-
tonian, as previously done in [4, 5]. The 36-atom
system shows correlations, characteristic of an anti-
ferromagnetic phase, in a specific region of the pa-
rameters space, see Fig. 1. We study the dependence
of the contrast of the correlations on the duration
of the preparation, and how the correlation length
grows during the preparation.
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Figure 1: Preparation of an antiferromagnet with a 36-
atom system. (a): Fluorescence image of 36 Rubidium
atoms assembled in a 6×6 matrix of micro optical traps.
(b): By changing the parameters of the Hamiltonian, the
amplitude Ω and detuning δ of the Rydberg excitation
laser, the atomic system follows the grey arrow to reach
the antiferromagnetic phase (grey shaded area). The en-
ergy U is the interaction between neighbouring atoms (c):
Rydberg density-density connected correlation function
measured when we follow the path shown in (b). Two
nearest neighbouring atoms are in different states (nega-
tive correlations, one is in the ground state, the other in
the Rydberg one), and next nearest neighbouring atoms
are in the same state (positive correlations). The alterna-
tive sign of correlations from site to site is a characteristic
of an antiferromagnetic phase.
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Rodrigo Cortiñas1, Thanh-Long Nguyen1, Tigrane Cantat-Moltrecht1, Clément Sayrin1,

Serge Haroche1, Jean-Michel Raimond1, Michel Brune1
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11 place Marcelin Berthelot, 75005, Paris, France

e-mail: rodrigo.cortinas@lkb.ens.fr

The main objective of quantum simulation is an
in-depth understanding of many-body physics, which
is important for fundamental issues and for the en-
gineering of new materials. Analytic approaches to
many-body systems are limited, and the huge size
of their Hilbert space makes numerical simulations
on classical computers intractable. A quantum sim-
ulator avoids these limitations by transcribing the
system of interest into another, with the same dy-
namics but with its parameters under control and
with experimental access to all relevant observables.
Quantum simulation of spin systems is being explored
with trapped ions, neutral atoms, and superconduct-
ing devices. We propose [1] a new paradigm for quan-
tum simulation of spin-1/2 arrays, providing unprece-
dented flexibility and allowing one to explore domains
beyond the reach of other platforms. It is based on
laser-trapped circular Rydberg atoms. Their long in-
trinsic lifetimes, combined with the inhibition of their
microwave spontaneous emission and their low sen-
sitivity to collisions and photoionization, make trap-
ping lifetimes in the minute range realistic with state-
of-the-art techniques.

Ultracold defect-free circular atom chains can be
prepared by a variant of the evaporative cooling
method. This method also leads to the detection
of arbitrary spin observables with single-site resolu-
tion. The proposed simulator realizes an XXZ spin-
1/2 Hamiltonian,

Ĥ/h̄ =
∑
i

Jzσ̂
i
zσ

i+1
z + J(σ̂i

xσ̂
i+1
x + σ̂i

yσ̂
i+1
y )+

+
Ω

2

∑
i

σ̂i
x +

∆

2

∑
i

σ̂i
z,

with nearest-neighbor couplings ranging from a few
to tens of kilohertz. All the model parameters can
be dynamically tuned at will, making a large range
of simulations accessible. The system evolution can
be followed over times in the range of seconds, long
enough to be relevant for ground-state adiabatic
preparation and for the study of thermalization, dis-
order, or Floquet time crystals.

Figure 1: Artist’s view of a laser-trapped circular atom
chain inside a spontaneous emission-inhibiting capacitor.

[1] Nguyen T-L, et al, Phys. Rev. X 8 011032 (2018).
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The study of entanglement and its characteriza-
tion is a major topic in modern quantum physics,
and a key resource enabling the development of fu-
ture quantum technologies. In this context, we have
built a platform combining techniques from optical
cavity quantum electro-dynamics and quantum gases
microscopes.

More precisely, our goal is to create along the
axis of a high finesse fiber-based Fabry Perot micro-
cavity a 1D array of single Rb atoms strongly coupled
to a cavity mode at 780nm. To maximize the over-
lap between the atoms and the cavity mode, we use
an intracavity far off-resonant lattice trap at twice
the coupling wavelength. As shown on Figure 1, the
micro-cavity has been placed under a high-resolution
microscope, which we plan to use for single-site de-
tection and addressing.

Starting from an optical molasse outside the
cavity, we load the 1D lattice trap by transporting
a cloud of Rb atoms in a crossed dipole trap: the
first laser beam moves thanks to an acousto-optical
deflector and the second acts as a guide to target the
fiber cavity. As a first signature of atom-cavity cou-
pling, we have recently observed vacuum Rabi split-
ting from the atoms trapped in the intra-cavity lat-
tice. At the time of the conference, we will present
our current efforts towards the creation of a chain of
single atoms and single site resolution imaging.

This experimental platform will enable the gen-
eration of multi-particle entanglement by collective
coupling of all atoms interacting through the cav-
ity mode, while adding the capability to perform lo-
cal operations on each atom of the register. It will
provide an ideal test-bed to investigate nonlocality,
multi-particle entanglement as instance in Quantum
Zeno Dynamics [1] and in systems exhibiting quan-
tum phase transitions [2].

Figure 1: Photo of our all-in-vacuum setup. In the
red square, an absorption imaging of a cloud of 2000
atoms trapped in the cavity lattice
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G. Muñoz-Gil1, M.A. Garcia-March1, and M. Lewenstein1,2
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The understanding of the diffusion of particles in
complex environments is of key interest in many fields
of science, from classical to quantum physics, chem-
istry, biology,... The study of such motion provides
information both from the particle and the environ-
ment where it moves. An example is the motion of
impurities in ferromagnetic materials, which allows
for interesting behaviors not only from the impurities,
but also of the materials, due to the back reaction.

It is usual to simulate such materials with the Ising
model, which offers a simple playground from which
one can understand very complex systems. In Ref. [1]
we studied how the coupling between a particle and
an Ising environment gives rise to anomalous, non-
ergodic diffusion of the particle. When anomaly dif-
fusing, the motion can be sub(super)diffusive when
the variance of the position grows non-linearly in time
as 〈

x2(t)
〉
∝ tα, (1)

with 0 < α < 1 (α > 1).
In systems where the particle moves through a

complex environment, its motion is closely related
to their interaction. In Ref. [1] we illustrated this for
a complex Ising environment where the presence of
stochasticity in the particle-environment interaction
causes the particle to diffuse anomaly. Such findings
can be used to explain many experimental observa-
tions, from particles moving in Bose-Einstein conden-
sates to proteins in cell membranes. In this contribu-
tion we investigate a simple mechanism able to justify
the interaction between particle and the Ising envi-
ronment postulated in [1]. This is, a random walk of a
particle in an environment with random length/area
compartments, just as the cluster distribution of the
Ising model. The compartments are separated by
boundaries of random transmittance. In this work,
we show how the presence of a spatial scale in the
system gives rise to different prediction on the type
of diffusion, depending on the scale it is measured.

Concretely, the system under consideration com-
prises a compartmentalized environment, where each
compartment has a given size L (see blue indicators
in Fig. 1). Moreover, we consider that the boundary
between compartments has a certain transmittance
T . One can then calculate the exit time of a particle

Figure 1: Two dimensional example of the system under
consideration: a particle moving in a compartmentalized
space. The motion of the particle can be characterized
by in the microscopic (black) or macroscopic (red) scale.

inside a compartment as

φ(t|T, L) =
T

L
exp

(
−tT
L

)
, (2)

which holds for 1D and can be extended to more di-
mensions by means of normalization constants.

Now, one can characterize the motion of the parti-
cle in two scales. In the first scale, the macroscopic
scale (red line in Fig.1), one considers that we can
only retrieve information from the position of the
party when it exits a compartment. The behavior of
the particle is then characterized as Lévy Walk with
step size the size of the compartment and step time
given by Eq. (2). As an example, we consider that the
size of the compartments has a PDF g(x) = x−1−β

(notice here that for the 2D case this corresponds to
the cluster size distribution from a critical Ising envi-
ronment); on top of this we assume that the transmit-
tances of the boundaries follow a PDF P (q) = q−1−α.
With this, the variance of the position is〈

x2(t)
〉
M
∝ t2−β+min(α,β). (3)

In the second scale, the microscopic scale, one con-
siders that we can track the position of the particle
at every time step. Our work shows that, if one con-
siders a system with spatial disorder, such as the one
presented in Eq. (3), there will be a mismatch in the
variance of the position between the two scales. Par-
ticularly, for the previous example, one finds for the
microscopic scale〈

x2(t)
〉
µ

=
√
〈x2(t)〉M . (4)

[1] G. Muñoz-Gil et al., Phys. Rev. E 96, 052140
(2017).
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Simulating quantum many-body problems with
classical computers is a challenging task, due to the
exponential growth of the Hilbert space with the
number of particles. This limitations still prevents
from facing some very relevant questions in high-
energy physics, condensed matter or quantum chem-
istry problems [1].

Analog quantum simulation holds the promise to
unlock some of these problems by harnessing well-
controlled quantum systems themselves to simulate
the desired dynamics. Among different platforms,
cold atoms constitute one of the most mature imple-
mentation for quantum simulation due to their excel-
lence coherence and degree of control. However, the
neutral character of the atoms restrict the range of
atomic interactions to short distances, e.g., prevent-
ing the simulation of long-range interactions required
for quantum chemistry problems.

Based on the original proposal [2] schematized in
Figure 1, and recent experiments [3], in this presen-
tation we show how atoms in state-dependent optical
lattices [4] can be used to simulate QED phenomena
where strong and long-range interactions can natu-
rally arise. We also provide some ideas on how the
structure of the bath can be used to induce long-range
interactions; together with analytical and numerical
strategies that enable to test some of the simplest
scenarios using classical tools, setting up the basis for
more complex systems in which quantum simulators
are required.

Figure 1: Schematic representation of the state-
dependent lattice proposed in [2] to realize QED phe-
nomena with cold atoms. The excited state of an emitting
atom in the superior lattice is locally coupled by Raman
lasers to a weakly interacting atomic bath trapped in the
lower optical lattice, playing the role of the propagating
photons.
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quantum computers. Phys. Rev. A, 90(2), 22305.
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Integrating ultracold atoms with nanophotonics

enables the exploration of new paradigms in quantum

optics and many body physics. Low-loss dielectric

structures can be fabricated to support guided mode

(GM) light used to create stable trapping potentials

for neutral atoms. The dispersion relation of a

photonic crystal waveguide (PCW) structure can be

engineered to study the physics of photon-mediated

atom-atom interactions as well as collective atomic

e↵ects [1][2]. The central component of our device is

the ‘alligator’ photonic crystal waveguide (APCW)

[3], as shown in Fig.1. We utilize an optical lattice

transport approach to achieve high fractional filling

of the trap sites.

Trapping atoms near dielectric photonics crystal

waveguides requires novel adaptations of standard

atomic physics techniques. In our current system, a

conveyor belt optical lattice is utilized for transport

of atoms into the photonic crystal GM trap in a

‘clocked’ fashion. The ‘clocked’ transmission signal

contains rich information of atomic movement near

the PCW. We will present numerical simulations

of atomic trajectories moving in the interference

and di↵raction patterns of the optical lattice beams

with the APCW. A calculation of the transmission

signal via transfer matrix model allows us to draw

comparisons between simulation and experiment, an

example is shown in Fig.2. Understanding the inter-

action between GM traps, optical lattice conveyor

belt and atoms, constitutes a significant first step

towards trapping several atoms along the waveguide

and observing single, and collective atomic phenom-

ena in an engineered photonic environment. For

example, by manipulating the probe guided mode in

simulations, atoms interact with di↵erent part of the

APCW can be identified (Fig.3).

[1] C.-L Hung et al., PNAS. 133(34) E4946-E4955

(2016)

[2] A. Asenjo-Garcia et al., Phys. Rev. X. 7, 031024

(2017).

[3] S.-P. Yu et al., Appl. Phys. Lett. 104, 111103

(2014).

Figure 1: An ‘Alligator’ Photonic Crystal Waveguide

(APCW), green dots indicate atom trap sites.

Figure 2: Comparison of simulation and experimental

‘clocked’ spectrum.

Figure 3: Experimental ‘clocked’ spectrum with four

simulated spectrum with manipulated probe GMs.

Boxes indicate the detuning and time relative to the

lattice period where atoms couple most strongly to

the APCW.
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A highly sought after resource for quantum informa-
tion protocols are spectrally pure single photons, produced
on-demand at high rates. The platform that is most often
used for producing such photons is nonlinear optics, which
takes advantage of parametric processes to produce pairs
of photons, such as in spontaneous four wave mixing. One
photon in the pair is detected, “heralding” the presence of
the other. These sources have many desirable qualities,
such as high brightness and ease of integration into ex-
isting optical technologies. However, the produced pairs
of photons are usually strongly correlated in frequency,
and so detecting the herald photon with a bucket detec-
tor projects the heralded photon into a highly mixed state
in frequency. To restore the purity, narrowband spectral
filters are placed on the heralding arm [1], removing the
correlations at the expense of throwing away photons.
This trade-off between the purity and the efficiency is

well-known in the limit of narrowband filtering. Pre-
vious studies have explored this compromise in other
regimes [2, 3, 4], however they have not fully explored the
photon pair spectral correlation space, and are not always
well-connected to experiments.
We present a thorough investigation into the effects

of spectral filtering on the purity and heralding prob-
ability of heralded single photon sources. We use
two methods: one involving direct integration over the
joint spectral amplitude Φ(!,!′) (JSA, containing all
of the multimode physics of the pair production prob-
ability), lending itself well to finding analytical re-
sults; the second a more detailed examination in the
spectral mode basis using the Schmidt decomposition
Φ(!,!′) =

∑

�
√

p�Γ�(!)Θ�(!′), illuminating the na-
ture of the underlying multimode physics. For the herald-
ing probability the two methods give us

 = ∫ d!d!′ |
|

t(!′)|
|

2
|

|

Φ(!,!′)|
|

2 =
∑

�
Q��p�, (1)

where t(!′) is the filter amplitude, and
Q�� = ∫ d! |t(!)|2 Θ�(!)Θ∗� (!) describe overlaps
between the filter and Schmidt functions. The purity is

 =−2 ∫ d!d!′d!′′d!′′′ |
|

t(!′)|
|

2
|

|

t(!′′′)|
|

2

× Φ(!,!′)Φ∗(!′′, !′)Φ∗(!,!′′′)Φ(!′′, !′′′) (2)

= −2
∑

��

|

|

|

Q��
|

|

|

2
p�p� .

The Schmidt decomposition can be found for a discretized
JSA inexpensively via the singular value decomposition,
meaning these expressions are fast to evaluate numeri-
cally. With the direct integral calculations, using a com-

mon model of the JSA as a product of Gaussians with
widths �1, �2 and orientations �1, �2 [5], with a Gaus-
sian filter of centre !0 and bandwidth �f , we find simple
closed form expressions for the purity and heralding prob-
ability. This allows us to show that one can optimise 
vs  beyond matching the filter bandwidth to the pump
bandwidth, as one might naively expect. For a broad class
of states, one can achieve up to 90% purity for heralding
probabilities as high as 20% [6].

We also demonstrate that detecting the heraldwith some
temporal resolution Δt in addition to the spectral filtering
can improve the purity at no cost to the heralding proba-
bility. For a temporal interval (t0, t0 + Δt) the likelihood
of detecting a photon is Δt = ∫ t0+Δtt0

dt ∫ d! |g(!, t)|2,
where g(!, t) = ∫ d!′t∗(!′)Φ(!,!′)ei!′t. The purity in
such a window then is

Δt =
(
√

2�Δt
)−2

∫

t0+Δt

t0
dtdt′ ∫ d!d!′g(!, t)

× g∗(!′, t)g(!′, t′)g∗(!, t′). (3)
For a detector not gated in time, the heralding proba-
bility reduces to (1). The expected purity however is
P ≈

∑

n Δt(tn)Δt(tn), where tn = t0 + nΔt. As shown
in Fig. 1 for an example source [2], when Δt is compa-
rable to the pump pulse duration � there is a significant
improvement in the purity.

0 5 10
Δt/τ

0.9

0.95

1.
P

Figure 1: The expected purity  (blue) for a free-running detec-
tor with temporal resolution Δt, for pump pulse duration �. The
yellow line indicates the purity without any temporal resolution.
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Isolated quantum systems for quantum informa-
tion were implemented so far mainly with ultra-cold
atoms and ions, and with superconducting circuits.
In recent years there has been a wide search for al-
ternative solid state systems such as quantum dots
and color centres in diamonds. One type of potential
candidates is rare-earth ions, due to their partially
filled 4f shell. This inner shell is well shielded from
the environment, which leads to sharp absorption and
emission lines with very long fluorescence lifetimes
and long coherence time. To date, most of the exper-
imental efforts have been with rare-earth doped crys-
tals [1]-[2] and recently with doped optical resonators
[3]. Though the intra 4f transitions are shielded to
some extent, the coupling to crystal phonon bands is
significant. Therefore cooling to 4K is mandatory
in order to observe naturally-broad lines. Decoher-
ence is also induced by nearby nuclei exhibiting spin
through spin-spin coupling. Schemes utilizing lan-
thanide ions for quantum optical experiments should
fulfill two main requirements: preventing parasitic
interactions with the environment as well as feasible
coupling to optical modes. We propose a bottom-up
approach in which we chemically tailor a lanthanide-
based complex which couples to the evanescent field
of a nanofiber mode (figure 1). This molecule is de-
signed to have less coupling to vibrations in order
to demonstrate coherent optical interactions at room
temperature. Our preliminary results show signif-
icant narrowing of excitation spectra using an en-
semble of Yb complexes [4] on the surface of a ta-
pered fiber, and comparable fluorescence lifetime in
comparison with a commercial Yb-doped fiber. This
molecule will also be used to permanently bind the
ion to a surface of a tapered fiber and eventually to
the surface of a whispering-gallery-mode (WGM) res-
onator [5]. Such a system of a single rare earth ion
attached to an optical WGM cavity can become a
new platform for quantum optics and quantum infor-
mation processing and possibly a quantum node in
future quantum networks.

Figure 1: Illustration of an Yb complex deposited on a
tapered fiber.
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Squeezed light is a non-classical states of light with
its noise suppression below the standard quantum
limit in one of the quadratures. The generation of
squeezed light has provided the platform to test quan-
tum physics, enhance quantum metrology, and de-
tect gravitational-wave. With the process of degener-
ate parametric down-conversion in a nonlinear crystal
placed inside an optical cavity, the optical paramet-
ric oscillator (OPO) and optical parametric amplifier
(OPA) have provided efficient routines to produce
a high degree of squeezing. Assisted by a doubly
resonant, nonmonolithic OPA cavity, up to 15 dB
squeezing was observed as the state-of-the-art tech-
nology [1]. With the recent experimental advance of
high optical density or depth (OD) in atomic ensem-
bles, direct generation of squeezed light under the
coherent population trapping (CPT) condition was
studied [2]. Combined with light storage and re-
trieval, generation, detection, and gate operation of
squeezed light pave the way for applications of quan-
tum optics and quantum information manipulation
utilizing continuous variables.

Here, we implemented a squeezer, by generating
squeezed vacuum state at 1064 nm through a bow-tie
OPO cavity operated below the threshold. With our
home-made balanced homodyne detection, a noise re-
duction up to 6 dB is observed, as shown in Fig.
1. The resulting state is expected to be utilized
to perform quantum metrology of the corresponding
Wigner function. In OPO systems, it is well known
that the out-of-phase quadrature noise is reduced be-
low the standard quantum limit at the expense of
noise enhancement in the complementary quadra-
ture. Further more, we propose a new scheme to

Figure 1: Experimental measurement of Squeezed States
with the noise reduction up to 6 dB.

Figure 2: Conceptual scheme. The squeezing gate opera-
tion though single photon addition and subtraction.

Figure 3: The Wigner function W (x, p) for (a) the usual
optical parametric oscillator, and (b) the photon-added
and photn-subtracted squeezed vacuum state.

perform squeezing gate operation though single pho-
ton addition and subtraction, as illustrated in Fig.
2. With the increase in the scaled input laser field
strength E , the noise reduction is enhanced gradually.
At the threshold (E = κ/2), 50% noise squeezing is
attained. As shown in Fig. 3, by performing photon-
added and photon-subtracted on the squeezed vac-
uum state, the corresponding Wigner function reveals
a significant suppression in the noise distribution.

In short, with the squeezer generated from OPO
as a platform, we studied the enhancement in sup-
pressing the output noise fluctuation by photon-
addition and photon-subtraction. Our results pro-
vide a link to implement optical quantum comput-
ing using measurement-induced continuous-variable
quantum gates.

[1] H. Vahlbruch, M. Mehmet, K. Danzmann, and
R. Schnabel, Phys. Rev. Lett. 117, 110801
(2016).
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The search for more precise and accurate frequency
standards has played a key role in the development
of basic science, precision measurements and techni-
cal applications [1, 2]. Recently, with the inclusion
of essential ingredients from quantum information
science, by means of Quantum Logic Spectroscopy
(QLS) [3], it is possible to perform high precision
spectroscopy to atoms that lack suitable transitions
for efficient laser cooling, internal state preparation,
and detection. QLS consists of the combined imple-
mentation of an auxiliary “logic” ion, which is stored
in a miniature linear radio-frequency trap, together
with a “spectroscopy” ion. The “logic” ion is then
used to cool down the initially hot “spectroscopy” ion
via the Coulomb interaction and additionally allows
the preparation and detection of the internal state of
the “spectroscopy” ion.

Our research is focused on the implementation of
QLS to perform optical spectroscopy of the Al+ ion.
A single 40Ca+ ion (“logic” ion) and a single 27Al+

ion (“spectroscopy” ion) are loaded by means of laser-
ablation and trapped in a linear Paul trap. Due to
the observation of long sympathetic cooling times be-
fore crystallization, we developed a new technique
that allows us to detect the loading and cooling of
an initially hot ion (“spectroscopy” ion)[4]. Through
the monitoring of the motional state of the Doppler-
cooled ion (“logic” ion) we are able to detect the pres-
ence of the hot ion (“spectroscopy” ion) in the trap
and then to observe when the two-ion crystal of Ca+

and Al+ is finally cooled. Once the crystal is in its
motional ground state by laser cooling the Ca+ ion,
we interrogate the “spectroscopy” ion and map its
internal state onto the Ca+ ion via the common vi-
brational state. Through the implementation of QLS,
we have measured the 27Al+ (1S0, F = 5/2) (3P1, F
= 7/2) transition frequency with a preliminary value
of 1 122 842 857 335(1) kHz [5].

[1] C.W. Chou, D.B. Hume, J.C.J. Koelemeij, D.J.
Wineland , and T. Rosenband ,Phys.Rev.Lett
104, 070802 (2010).
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Figure 1: Ramsey experiment on the 27Al+

(3s2) 1S0,mF = −5/2 ↔ (3s3p) 3P1, F = 7/2,mF ′ =
−7/2 carrier transition: measured excitation as a
function of the laser detuning (blue points) for Ramsey
pulses of 50µs duration and waiting time of 200µs. The
data is fitted (solid line) by a numerical integration of
the master equation describing the Ramsey experiment
including spontaneous decay of the 3P1 level, adjusted
for a frequency offset, an excitation baseline and a
reduction in contrast.
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Atomic clocks using optical transitions have
reached fractional frequency inaccuracies in the 10−18

range with single trapped ions as well as neutral
atoms in optical lattices [1, 2]. However, reaching
similarly small statistical uncertainties in a measure-
ment remains an open challenge, in particular for sin-
gle ions. In both cases, one fundamental limitation
to the long-term stability is given by noise properties
of the local oscillator (LO). Longer interaction times
with the atomic reference allows to make more pre-
cise estimates on frequency errors and therefore bet-
ter corrections in the clock operation. However, this
is only true as long as the phase between LO and
reference can be uniquely extracted from the mea-
surement results. Due to this trade-off atomic clocks
with e. g. Ramsey interrogation have optimal interro-
gation times which depend on the LO noise strength,
limiting their long term instability [3], see also Fig. 1.

Previously, clocks operating with several atomic
ensembles in cascaded interrogations were proposed
as a way to circumvent this limitation [4, 5]. In this
work we discuss the instability scaling and its op-
timization in atomic clocks with a single ensemble
and in the cascaded case. Analytic results based on
solutions to an approximating stochastic differential
equation (SDEq) complement numerical results from
simulations of the full clock sequence. Special em-
phasis is given to setups with a combination of op-
tical lattice clocks and single ion clocks. Here we
find that the LO stabilization through a larger pri-
mary ensemble can reduce the instability of the single
ion clock to near the level of the lattice clock. This
is possible by extending the interaction time for the
single ion probe well beyond the limit given by the
bare LO, as shown in Fig. 1 by the black dots and
orange crosses. Moreover, we find that cascaded op-
eration is still possible under realistic imperfections
such as time correlations in the LO noise, finite state
lifetimes and significant dead time in the clock cycle
of the lattice clock [6].

[1] N. Huntemann et al., Single-Ion Atomic Clock
with 3 ·10−18 Systematic Uncertainty, PRL 116,
063001 (2016)

[2] T. L. Nicholson et al., Systematic evaluation of
an atomic clock at 2 · 10−18 total uncertainty,
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Figure 1: Clock instability expressed via the scaling of
fractional frequency Allan deviation σy in terms of the
dark time T used in Ramsey spectroscopy of an atomic
reference. The strength of local oscillator (LO) frequency
fluctuations give rise to a timescale Z which is used to
re-scale to dimensionless units. In the regime of small
Ramsey times (compared to the LO noise timescale) the
estimation errors decreases as the inverse Ramsey time
and so does the instability. However, this changes when
the LO noise is so large that the clock feedback can no
longer reliably correct these frequency errors. Results of
a SDEq (solid lines) reproduce the interplay of quantum
projection noise and estimation errors, from nonlinearities
in the Ramsey signal, seen in full numerical simulations
(symbols). In contrast, a cascaded system of multiple
ensembles can evade the LO noise limit so that the insta-
bility of a single ion clock would be reduced to the level of
a lattice clock. This is illustrated in an example cascade
of N1 = 100 atoms in a first ensemble, pre-stabilizing the
LO for interrogation of a single ion, i. e. N2 = 1.
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We here present an experiment concern-
ing high precision spectroscopy of spectral
holes in Eu3+ doped Y2SiO5 and the prospec-
tives in the domain of frequency stabiliza-
tion and micro-resonator behavior probing.

This experiment is based on Eu3+ : Y2SiO5

crystal that shows interesting properties at
cryogenic temperatures. In this matrix, the
7F0 →5 D0 transition of Eu3+ ions has a linewidth
that can be as low as 1 kHz, and some mea-
surement indicate a value reaching a few 100
Hz [1]. However, matrix inhomogeneities induce
some local constraints on the ions that shift the
frequency of this transition. As a consequence, the
absorption spectrum of the crystal is broadened
to several GHz. Below 7K, it is possible to place
ions in metastable states, creating a hole in the
absorption spectrum. The linewidth of this hole
depends on the laser which is used to burn it and
other experimental conditions (we typically reach
4kHz), and its lifetime can reach several hours.

To detect the spectral holes, a heterodyne
method using two separate lasers is used. The
frequency difference between the two lasers is
chosen so that only one (the slave laser) is inside
the 2 GHz wide absorption line and is able to
burn and probe a spectral hole. The slave laser is
beaten against the master (which is not affected
strongly by the crystal) and the dephasing due
to the dispersion signal of the hole is used as a
frequency discriminator to measure the frequency
difference between the slave and the hole center.

This experiment is currently used to make
ultra-stable lasers using the frequency stabil-
ity of the europium ions at low temperature [2].

Considering the absorption broadening process,
a strong coupling between mechanical constraints
on the crystal and hole frequency in the absorp-
tion spectrum is expected. Consequently, an
accurate measurement of spectral hole frequency

can provide a good monitoring of crystal defor-
mations. This effect is intended to be used in
order to probe the behaviour of a micro-resonator
(see Figure 1) etched in a Eu3+ : Y2SiO5 crystal [3].

Figure 1: SEM image of a FIB-etched micro-resonator
in Eu3+ : Y2SiO5 crystal. A 45 surface has been metal
coated under the resonator so that a laser beam focused
on the part close to cantilever attachment is deflected
and does not go through the remaining bulk material.

In this poster, I will present the experi-
mental setup in detail, show the preliminary
results about laser stabilization and discuss
about future implementations currently in
development concerning piezo-spectroscopic
characterization and laser stability improvement.

This project has received funding from Ville
de Paris Emergence Program, First-TF Labex,
Rgion Ile de France; European Unions Horizon
2020 research and innovation program under
grant agreement No 712721 (NanOQTech); ANR
under grant number 14-CE26-0037-01 DISCRYS;
EMPIR 15SIB03 OC18 and from the EMPIR
program co-financed by the Participating States.
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Recently a lot of effort is putting on developing
ultra-stable optical cavities being a key part of op-
tical atomic clocks [1] and many contemporary ex-
periments based on ultra-narrow transitions spec-
troscopy. The highly stable cavity also turned out
to be a very useful device in searching for the new
physics. For example, the different susceptibilities of
the cavity and atoms to some fundamental constant
may be used to searching for transient variations of
this constant[2].

At present the short-term stability of state of the
art cavities is constrained by the Brownian noise of
mirrors coatings and the long-term stability is mostly
limited by aging effects and temperature instability.
Operating the cavity in a low temperature environ-
ment is one of the possibilities to reduce thermal noise
limits. Indeed, the most stable optical cavities are
operating at 124 K [3, 4] and it seems that the nat-
ural way to achieve better results is further cooling
to lower possible temperatures. In case of monocrys-
talline silicon, willingly used as a spacer material be-
cause of good rigidity, no aging effect and high ther-
mal conductivity, the next temperature below 124 K
of zero thermal expansion coefficient is close to 17
K [5]. However, a system operating at so low tem-
perature requires more inventive design to prevent
mechanical noise coming from a cryocooler.

We present the construction of the cryogenic multi-
path cavity made of monocrystalline silicon operating
at a temperature of 17 K. The setup is compatible
with lasers at 1.5 µm wavelength. Besides the short-
term stability we also pay attention to phenomenas
contributing to long-term issues.

In our design the cryostat is stiffly connected to
the pulse tube refrigerator and the cavity is cooled
with the use of radiation heat transfer between the
spacer and the cryostat. In this approach the cavity
is mechanically decoupled from the cooling system
and additionally the influence of cryocooler tempera-
ture fluctuation to the spacer is strongly suppressed.
The football shape spacer made of monocrystalline
silicon supports four Fabry-Perot resonators with a
length of 10 cm and longitudinal axes oriented in
vertical position. The spacer is supported at three
points at half-height to cancel extension and contrac-
tion caused by acceleration along vertical direction.
We expect that differences of lasers frequencies stabi-

lized to different cavities spatially distributed in hori-
zontal direction may serve as a signals used to cancel
frequency noise coming from horizontal mechanical
perturbations. Additionally, further reducing of ther-
mal noise may be possible by averaging frequencies of
lasers locked to different cavities as proposed recently
in [6].

To investigate aging properites of mirros coating
we apply both Ta2O5/SiO2 in three cavities and
TiO2/SiO2 in another one cavity as a material of
high-reflectivity dielectric multilayers.

[1] A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and
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Light-based large-momentum-transfer (LMT)
beam splitters and mirrors for matter waves are
likely to become integral parts of next generation
atom interferometers measuring inertial forces. LMT
schemes aim at increasing the spatial separation of
the two interferometer arms, thereby enhancing the
sensitivity of such atomic detectors. Alternatively,
one would employ large interrogation times in
microgravity [1] and fountains [2].

A promising method to realize novel high fidelity
LMT schemes is to combine Bragg pulses and Bloch
oscillations in optical lattices to coherently split and
recombine the atomic wave packets. This technique
already allows for state-of-the-art momentum sep-
aration in an atom interferometer with up to 208
photon recoils (h̄k) as well as for beam splitters with
up to 1008 h̄k momentum separation [3].

The fidelity of such LMT sequences, however, is
constrained by damping of Bloch oscillations caused
by tunneling and the finite momentum width of
the atomic ensemble. This motivates the use of
Bose-Einstein condensates as highly coherent atomic
sources with inherent small momentum dispersion
for sensitive LMT-based atomic sensors.

During my doctoral research, I simulate in-
terferometric sequences involving Bose-Einstein
condensates driven by symmetric optical lattices
to interpret and optimize pioneering experiments
performed in the QUANTUS collaboration. To
this end, analytical methods together with a time-
dependent Gross-Pitaevskii model are developed and
adapted to typical experimental environments. Our
analysis allows us to assess these LMT schemes and
to identify the dominant loss mechanisms leading
to a reduction of the interferometric contrast with
increasing momentum acceleration.

Having understood the current limitations we
aim at analyzing the scalability of LMT schemes
using Bloch lattices on a fundamental level. Con-
sidering realistic experimental parameters we want
to quantify the maximally achievable momentum
separation of the atomic superposition states with
this technique while still maintaining coherence
between them.

In close collaboration with the experimental team,
our efforts are enabling us to propose novel LMT
schemes for highly sensitive atom interferometers
featuring separations of thousands of h̄k.
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We present the advancement of the strontium
optical clock at the Italian National Metrology
Institute (INRIM). The atomic source employs a
novel design based on two-dimensional magneto
optical trapping (MOT) [1]. We report on the cold
Sr atomic source and its loading into a MOT trap
on a test vacuum cell. Prospects for a second-
generation quantum optical clock is also outlined.
The technical description of the atomic source and
its expected advantages were previously discussed [2].

A schematic drawing of the vacuum apparatus
is shown in Fig (1). In short, a hot flux of Sr
atoms is ejected from the oven at a temperature of
Tov =650 K through a 2 cm long bundle of nickel
capillaries. This is directed to a 2D-MOT, which is
formed by two parallel couples of permanent mag-
nets with opposite direction forming a quadrupole
magnetic field. Two counter-propagating beams at
the strong S0 − P1 transition with 2D confinement
opposite circular polarization ( s ∼ 1, δ ∼-1.5Γ)
cross the atomic beam direction with 3D-MOT ±45◦

to form the magneto-optical trap.

Figure 1: A 3D drawing (in scale) of experimental ap-
paratus. The 3D-MOT chamber here depicted is meant
only for visualization.

The two-dimensional optical trapping is exper-
imentally observed with very narrow transverse
oven dimensions and elongated toward the direction
orthogonal to the 2D-MOT plane. We got the first
evidence of the 3D-MOT confinement by optical

transfer the atoms from the 2D-MOT region using
the push beam.

An ultra-stable three-color cavity is under con-
struction to stabilize the frequencies of the 922 nm
seed laser used to generate the blue laser at 461 nm,
the 689 nm laser used for second stage cooling and
nondestructive measurements [3], and the lattice
laser at 813 nm

[1] G. Lamporesi, S. Donadello, S. Serafini, and G.
Ferrari, Compact high-flux source of cold sodium
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sium (EFTF/IFCS), Besancon, (2017), pp. 748-
750

[3] M. A. Norcia, J. K. Thompson, Strong coupling
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Spinor Bose Einstein condensates (BECs) exhibit
different ground state phases, when a tunable mag-
netic field or microwave dressing is applied as a con-
trol parameter. Some of them are experimentally well
accessible. Others, in contrast, feature strong multi-
partite entanglement. Thus, driving the system from
the former to the latter is a promising approach to the
preparation of exciting, highly entangled many-body
states. That this can be put into praxis, though the
gap between the ground state and the first excited
state closes at the critical points, has been recently
demonstrated in [1, 2].

Encouraged by these results, which have been ob-
tained within the f = 1 manifold of 87Rb, we elab-
orate on the opportunities offered by the quasiadia-
batic crossing of quantum phase transitions (QPTs)
in a ferromagnetic spin-1 BEC. For separable states
the sensitivity of atom interferometers is fundamen-
tally limited by the standard quantum limit (SQL),
which scales as 1/

√
N with the particle number N .

Employing multipartite entanglement allows to shift
this bound towards the Heisenberg limit ∝ 1/N . En-
tanglement that facilitates to surpass the SQL is un-
ambiguously witnessed by the quantum Fisher infor-
mation (QFI, FQ). An evaluation of the QFI across
all three ground state phases of a ferromagnetic spin-
1 BEC unveils an unexpected regime, the state in
the center of the broken axisymmetry phase (CBA
state), which provides Heisenberg scaling of the QFI
and is separated from the experimentally initial state
by only one QPT. We identify optimal unitary trans-
formations and an experimentally feasible optimal
measurement prescription that maximize the inter-
ferometric sensitivity.

Investigating why the CBA state is so particu-
larly sensitive leads up to an intriguing connection
to macroscopic superposition (MS) states. A spin-
1 system accommodates three magnetic modes, la-
beled by mf ∈ {0,±1}. By a change of basis (cor-
responding to radio-frequency and microwave tech-
niques), mf = ±1 can be transformed into their
(anti)symmetric combinations tagged by g(h). As il-
lustrated in Fig. 1, projecting the CBA state onto
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Figure 1: Macroscopic superposition states accommo-
dated by the CBA state of a spin-1 BEC. Nh is the par-
ticle number in the antisymmetric mode. (a) With high
probability P a measurement of Nh results in a state with
(b) large quantum Fisher information FQ. (c) The Husimi
distribution of the projected two-mode states resembles
NOON states. Here N = 500.

the particle number in one of these modes, say Nh,
mostly yields highly entangled two-mode states re-
sembling NOON states. The large contribution of
suitable Nh to the CBA state allows for a probabilis-
tic preparation of MS states being heralded by Nh.

A crucial question in the context of quasiadiabatic
state preparation is its stability with respect to a fi-
nite driving speed. We show that both the FI and the
MS features are well preserved under realistic condi-
tions. Sub-SQL interferometry with the CBA state
has by now been demonstrated in [2]. This further
emphasizes that the preparation of MS states in spin-
1 BECs is brought into reach of current technology
by the high stability of the enclosing CBA state.
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In this experiment, we attempt to detect the mag-
netic fields produced by living plants, using sensitive
atomic magnetometers. Our group previously con-
ducted gradiometric measurements on a blooming ti-
tan arum (“corpse flower”) at the Berkeley Botanical
Garden in California [1]. As far as we know, the only
successful detection of magnetic fields produced by
intact plants was published in 2000 [2]—an array of
SQUID magnetometers was used to measure signals
from wounded bean plants in a magnetically shielded
room.

After consultation with plant biologists at the Uni-
versity of Würzburg, we have chosen to launch a
new biomagnetism experiment using the venus fly-
trap (Fig. 1). This carnivorous plant is relatively
easy to stimulate mechanically, and one can generate
action potentials (APs) consistently. So far we have
successfully set up surface-electrode measurements
for AP monitoring (Fig. 2), and we are currently
conducting preliminary magnetometry measurements
in a small magnetic shield with commercial QuSpin
magnetometers. We are also in the process of acquir-
ing our own magnetically shielded room, to which
the experiment will eventually be moved. Our future
goal is to develop a robust system for measuring bio-
magnetic signals from a variety of living plants (e.g.
agricultural species), based on compact atomic sen-
sors.

[1] E. Corsini, V. Acosta, N. Baddour, J. Higbie, B.
Lester, P. Licht, B. Patton, M. Prouty, and D.
Budker, J. Appl. Phys. 109, 074701 (2011).

[2] V. Jazbinsek, G. Thiel, W. Müller, G. Wübbeler,
and Z. Trontelj, Eur. Biophys. J. 29, 515-522,
(2000).

Figure 1: One of our venus-flytrap specimens in the lab.

Figure 2: Electric signals produced by a trap after me-
chanical stimulation of its trigger hairs. Each peak cor-
responds to a single stimulation.
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We investigate theoretically [1] a one-dimensional
ideal Bose gas that is driven into a steady state far
from equilibrium via the coupling to two heat baths:
a global bath of temperature T and a “hot needle”, a
bath of temperature Th � T with localized coupling
to the system (see sketch in Fig. 1). Remarkably,
this system features a crossover to finite-size Bose
condensation at temperatures T that are orders of
magnitude larger than the equilibrium condensation
temperature.

This counterintuitive effect is explained by a sup-
pression of long-wavelength excitations resulting from
the competition between both baths. Moreover, for
sufficiently large needle temperatures ground-state
condensation is superseded by condensation into an
excited state, which is favored by its weaker coupling
to the hot needle (see Fig. 1). Our results suggest
a general strategy for the preparation of quantum
degenerate nonequilibrium steady states with uncon-
ventional properties and at large temperatures.

For the ideal gas a simple description of this open
system is given by the Born-Markov approximation.
Within this framework, the bath induces quantum
jumps between energy eigenstates. Taking into ac-
count temperature-dependent dissipation for the in-
teracting gas is challenging. Already on the level of a
simple mean field approximation, it requires the di-
agonalization of the mean field Hamiltonian in every
step of the time integration.

We propose and test a scheme to circumvent this
problem by treating the system–bath coupling semi-
classically. To this end, we decompose the system
into bins and approximate that the bath may only
drive transitions between wavelets that localize in
such a bin (see sketch in Fig. 2). We thus find a
description of the action of the dissipative bath inter-
action that is independent of the mean field potential.
This provides a perfect tool to study far from equi-
librium gases, whose steady state density profile in
general is not known ab-initio. We apply this for-
malism to the “hot needle” scenario and find that
our main findings for the ideal gas are robust against
weak interactions.

[1] A.Schnell, D. Vorberg, R. Ketzmerick, and A.
Eckardt, Phys. Rev. Lett. 119, 140602
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Figure 1: Left: Sketch of the setup. Right: Mean occu-
pations in the non-equilibrium steady state for the non-
interacting Bose gas (d) as a function of the temperature
of the needle. Although the system does not feature con-
densation in equilibrium Th = T (grey line), by increas-
ing the temperature of the needle a ground state conden-
sate is forming. At a given temperature of the needle
we find switching into an excited state condensate. Cor-
responding momentum distributions are shown in panel
(a-c), where the crosses mark the condensate occupation.

Figure 2: Sketch: Semiclassical treatment of the bath in-
teraction. We propose that the bath may drive transitions
only locally with in a bin of size s. Within this bin, the
mean field potential Veff only varies weakly, such that the
local basis and corresponding energies can be assumed to
be independent of the potential.



Identification of Majorana Modes in Interacting Systems by Local
Integrals of Motion

A. Więckowski1, M. Maśka1, and M. Mierzejewski2
1 Institute of Physics, University of Silesia, 40-007 Katowice, Poland

2 Department of Theoretical Physics, Wrocław University of Science and Technology, 50-370 Wrocław,
Poland

e-mail: andywiecko@gmail.com

Recently, there has been substantial progress in
methods of identifying local integrals of motion in in-
teracting integrable models or in systems with many-
body localization. We show that one of these ap-
proaches can be utilized for constructing local, con-
served, Majorana fermions in systems with an ar-
bitrary many-body interaction. As a test case, we
first investigate a noninteracting Kitaev model and
demonstrate that this approach perfectly reproduces

the standard results. Then, we discuss how the many-
body interactions influence the spatial structure and
the lifetime of the Majorana modes. Finally, we de-
termine the regime for which the information stored
in the Majorana correlators is also retained for ar-
bitrarily long times at high temperatures. We show
that it is included in the regime with topologically
protected soft Majorana modes, but in some cases is
significantly smaller.
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Periodically driving a quantum system provides a
convenient means to manipulate and control its prop-
erties by means of “Floquet engineering”. In this
technique, Floquet theory is used to describe the ef-
fects of a high-frequency driving in terms of an effec-
tive static Hamiltonian [1], which may have proper-
ties very different to the original system.
Here we study the effect of time-periodically varying
the hopping amplitude in a one-dimensional Bose-
Hubbard model, such that its time-averaged value is
zero.

H(t) =

N−1∑
x=0

[
U

2
nx(nx − 1) − J(t)

(
a†x+1ax + H.c.

)]
,

where ax(a†x) are the usual bosonic annihilation (cre-
ation) operators, nx is the number operator, and U is
the Hubbard interaction term. Choosing the specific
form of J(t) = J cos(ωt), then going into the interac-
tion picture, and finally time averaging we derive a
static effective Hamiltonian [2]:

Heff =

N−1∑
w,x,y,z=0

Qwxyz(κ)a†wa
†
xayaz ,

where the Qwxyz are explicitly known and κ = J/ω.
Although the time-averaging removes all nearest-
neighbor single-particle hopping, higher-order
processes are permitted in Heff , and can be of
unusual type, with a variety of elementary processes
that blur the distinction between interaction, cor-
related hopping, and assisted hopping. For small κ
only a few hopping processes are significant, some of
them exemplified in Fig.2.
At a critical value of the driving parameter κ, the
system passes from a Mott insulator to a super
fluid formed by two quasi-condensates with opposite
nonzero momenta kp = ±π/2 (Fig.2).

Furthermore we find that this unusual fragmented
superfluid is more consistent with a Schrödinger-cat
like state than a state formed by a product of two
macroscopically occupied natural orbitals.
An analysis of the most prominent scattering
processes of Heff allow for a simplification of the
system and provides an explanation for the preferred
occupation of kp = ±π/2

Figure 1: Magenta (light gray) particles indicate the new
position after a hopping event. Q1100 represents hopping
of a doublon, Q1120 and Q0312 provide instances of cor-
related hopping, while Qwxxy represents assisted hopping
in which the jump between sites w and y is influenced by
the occupation of site x.
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Figure 2: Momentum density ρ(k) for different values of
κ, for a system of 8 particles on 8 sites. When κ = 0, the
system is in the Mott state and ρ(k) is a constant. As
κ is increased, the momentum density function develops
peaks at k = ±π/2, indicating the formation of conden-
sate states with non-zero momentum.

In conclusion, this work shows how driving of
the hopping energy provides a novel form of Flo-
quet engineering, which enables atypical Hamiltoni-
ans and exotic fragmented superfluid that is formed
by a Schrödinger cat like superposition of quasi-
condensates, condensed at ±π/2.

[1] A. Eckardt, Rev. Mod. Phys. 89, 011004 (2017).

[2] G. Pieplow, F. Sols and C.E. Creffield, in sub-
mission, arXiv:1706.04864 (2017)
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In the last years machine learning has attracted, also
among physicists, a great attention. It turned out that
the algorithms, while having vast applications in the
decision–making (for example in games such as chess or
AlphaGo), pattern recognition, medical diagnosis and fi-
nance, can be applied also in the area of condensed matter
physics.

As the size of the Hilbert space and consequently the
amount of data to analyze, grows exponentially with the
size of the system, the study of many–body systems is a
challenging task. Therefore, such systems seem to be a
perfect ’material’ for machine learning algorithms, which
are especially well suited to deal with big and complex
sets of data. Such an approach has already been success-
fully used, e.g., for the Ising model. By analyzing Monte
Carlo-generated samples, deep neural networks and sup-
port vector machines were able to identify with a quite
good precision the transition temperature [1, 2]. The

Figure 1: The figure presents the prediction of the critical tem-
perature with the feed–forward neural network for the for a
16x16 square lattice. The results obtained from the neural net-
work are connected with the dotted line, while the continuous
line represents the fit. The critical temperature corresponds to
the case for which the probabilities of the assignment to the low
and high temperature phase are equal.

problem appears when one tries to deal with the non–
conventional, more subtle type of the phase transition,
which occurs for example in the 2–dimensional classical
XY model. Due to the Mermin–Wagner theorem it is for-
bidden for the system described by this model to undergo
the regular ferromagnet–paramagnet phase transition re-
lated to the spontaneous symmetry breaking. However,
this theorem does not exclude the Berezinskii–Kosterlitz–
Thouless (BKT) transition, which consists in the for-
mation, at some critical temperature TKT , of unbounded
vortex–antivortex pairs (see Fig. 2). Thus, the transition

is purely topological in nature. In Ref. [3] it was demon-
strated that it is extremely difficult to determine the crit-
ical temperature using ordinary feed–forward neural net-
work. It is thus necessary to resort to some more compli-
cated methods in order to obtain the result around the true
value, i.e. TKT = 0.892 K.

Figure 2: The figure presents the formation of vortex–antivortex
pair near the critical temperature. Their number grows with the
increase of the temperature.

In our study, we demonstrate how one can overcome
some of these difficulties. Our attempt is based on the
method described in Ref. [1]. We thus follow the su-
pervised machine learning scheme by labeling low– and
high–temperature states obtained from the Monte Carlo
simulation. We then feed our deep neural network with
such configurations and after training the network clas-
sify states corresponding to the intermediate tempera-
tures. The critical point is then established as the temper-
ature for which the probabilities of the assignment to the
low and high temperature phases are equal (see Fig. 1).
However, unlike the authors of Ref. [1], we do not train
our neural network on the raw spin configurations. In or-
der to take into account the continuous spectrum of the
spin’s directions, we first transform the original data us-
ing trigonometric functions, which makes the process of
learning more efficient and results in the better predictions
as compared to Ref. [3].

[1] J. Carasquilla, R. G. Melko, Nature Physics 13, 431
(2017).

[2] P. Ponte, R. G. Melko, Phys. Rev. B 96, 205146
(2017)

[3] M. J. S. Beach, A. Golubeva, and R. G. Melko, Phys.
Rev. B 97, 045207 (2017).
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The bilinear-biquadratic (BLBQ) model is the gen-
eralization of the spin-1/2 Heisenberg model to spin-
1 systems with the most general rotation invariant
nearest-neighbor spin interaction. Its Hamiltonian is
given by

HBLBQ =
∑
〈i,j〉

[
cos(γ) (Si · Sj) + sin(γ) (Si · Sj)

2
]
,

(1)
where Si denotes the spin operator, and the sum is
over neighboring sites 〈i, j〉 of the underlying lattice.
The parameter γ determines the signs and relative
strength of the bilinear and biquadratic terms. We
study this model on the complete graph of N sites,
i.e., when each spin is interacting with every other
spin with the same strength.

Because of its complete permutation invariance,
this Hamiltonian can be rewritten as the linear com-
bination of the quadratic Casimir operators of su(3)
and su(2). Using the representation theory of Lie
groups, we explicitly diagonalize the Hamiltonian
and map out the ground-state phase diagram of the
model. Furthermore, the complete energy spectrum,
with degeneracies, is obtained analytically for any
number of sites. The poster will cover our article
published about this topic earlier this year[1].
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