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Quantum-classical: What can be done with large spins?

Introduction

Unstable fix point: Generation of entanglement
Non gaussian states and Fisher information

Emergence of chaos in many particle systems
observation of Poincaré-Birkhoff scenario

together with Roland Ketzmerick and Peter Schlagheck
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the systemN Bosons in two internal states



the systemRubidium – pseudo spin ½ 
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contact interactionlinear coupling



36 x 0-dim transverse field Ising model
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introduction

~ 500 ± 4 atoms

F=2

F=1

Rubidium BEC
Feshbach resonance

9.1G

spin degree of freedom via Stern-Gerlach



the systemFully connected transverse Ising
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interaction linear coupling
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Schwinger – collective spin: 



the 0-D systemFully connected transverse Ising
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𝐻𝐻 = 𝜒𝜒 𝐽𝐽𝑧𝑧2 − Ω 𝐽𝐽𝑥𝑥 + 𝛿𝛿 𝐽𝐽𝑧𝑧
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interaction linear coupling
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Classical description

Bifurcation

ϕcos1
2

22 nnH ∆−−∆
Λ

=classical

Classical trajectories
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𝐻𝐻 = 𝜒𝜒 𝐽𝐽𝑧𝑧2 − Ω 𝐽𝐽𝑥𝑥
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heff
heff

heff

effective Planck‘s constant minimal uncertainty state

𝐽𝐽𝑦𝑦 , 𝐽𝐽𝑧𝑧 = 𝑖𝑖𝐽𝐽𝑥𝑥

single particle

few particles

Δ𝑛𝑛/𝑁𝑁,𝜑𝜑 = 𝑖𝑖
2
𝑁𝑁
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heff
heff

heff

Quantum - Semiclassical – Classical

up to 1000 !!

PRL 111, 253001 (2013)



Bifurcation

ϕcos1
2

22 nnH ∆−−∆
Λ

=classical

Classical trajectories

1<
Ω

=Λ
χN
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increasing interactions
Experimental observation: Zibold et al. PRL 105, 204101 (2010)

1>Λ

𝑁𝑁 → ∞
𝐻𝐻 = 𝜒𝜒 𝐽𝐽𝑧𝑧2 − Ω 𝐽𝐽𝑥𝑥
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preparation

phase of linear coupling

duration of linear coupling

Single particle Rabi coupling



see ‚also‘: Steinhauer group

PRL 105, 204101 (2010)
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ld
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Dynamics 

increasing interactions



Driven quantum dimer
)(sin1 ddtA φω ++

ϕcos1
2

22 nnH ∆−−∆
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=

Poincaré-Birkhoff theorem

emerging
unstable fixed points



Markus Oberthaler                                                                                                            www.matterwave.de

preparation

phase of linear coupling

duration of linear coupling

Single particle Rabi coupling
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variance is the signal
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Mixed phase spaceProbing ‚chaotic‘ phase space

kicked rotor experiments: Raizen, Phillips, Jessen, Summy, Wilson, …






interaction

+â +b̂

oversqueezing coherencesqueezing and beyond
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interaction linear coupling

+â +b̂

coherencereconstructed Husimi distribution
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theory 25ms 
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200 atoms 230 260

290 atoms

380 atoms

320 350

410 440

oversqueezing



interferometry beyond squeezingparameter estimation

experiment
input
state
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interferometry beyond squeezingHellinger distance
Luca Pezzè, Augusto Smerzi

𝜑𝜑

𝑃𝑃(𝑠𝑠|0) 𝑃𝑃(𝑠𝑠|𝜑𝜑)

𝑠𝑠 𝑠𝑠

𝑠𝑠
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2

Hellinger distance



interferometry beyond squeezingparameter estimation

F/N ~ 1.5
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entanglement beyond squeezing
Science, 345, 424-427, (2014)

Fisher information is a more general
entanglement witness than squeezing
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conclusion

Non-gaussian states

Science  345, 424 (2014)
PRA 92, 023603 (2015)

Nonlinear time-reversal

PRL 117, 013001 (2016)

Fast quenches and scaling functions

Emergence of chaos Phononic Lamb shift

PRX 6, 041041 (2016)PRA 95, 011602(R) (2017)

PRL 115, 245301 (2015) 

EntangleGen
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