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Early phase after heavy ion collision at CERN – GLASMA phase

Particle production in expanding space-time



As example Spin-1 bosonic gas Quantum Field Settings
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Quantum Field Settings
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No lattice – free space



Quantum Field Settings
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Many atoms



Quantum Field Settings
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Quasi-one-dimensional spin-1 bosonic gas 



Voxel contains approx. 200 atoms – spin degree is 1d (Quantum) Field Settings
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~1µm

F(r) = (Fx,Fy,Fz)

r



Quantum is in the fluctuations Quantum Field Settings
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~1µm

F(r) = (Fx,Fy,Fz)

r r´
spatial correlation <F(r)F(r )>, <F(r)F(r )F(r )>,…



Quantum Field Readout
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~1µm

F = (Fx,Fy,0)
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Radio-frequency Microwave
readout after expanding Hilbert space

Kunkel et al. Phys. Rev. Lett. 123, 063603 (2019)

Markus Oberthaler



F=2

F=1

-2            -1          0            +1            +2 

Radio-frequency

rotation around
y-Axis 

rotation around
x-Axis 

readout after expanding Hilbert space
Kunkel et al. Phys. Rev. Lett. 123, 063603 (2019)
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Implementation of POVMs

see Jessen group: 
PRL 111, 170502 (2013)

Kunkel et al. Phys. Rev. Lett. 123, 063603 (2019)
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STRUCTURES

Little Bang(s) at CERN
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STRUCTURES

Little Bang(s) at CERN

0.000 000 000 000 000 000 000 1 sec

Non-thermal fixed point
J. Berges, A. Rothkopf, J. Schmidt, PRL 101 (2008)

J.Berges, G. Hofmeister, NPB 813 (2009)
C. Scheppach, J. Berges, T. Gasenzer, PRA 81 (2010)

…

Jürgen
Berges

Thomas
Gasenzer



10 µm

F=2

F=1

~100.000 atoms

resolution ~1 µm 80 µm

Quenching extended spinor condensates

For review see: D.M. Stamper-Kurn, M. Ueda RMP 85, 1191 (2013)

Rubidium BEC

Courtesy Blair Blakie

Quantum Bang(s)



20s 42s1s

dynamicsWatching the build-up of transverse spin

14s10s

0.2s 0.4s 0.6s 0.8s



dynamicsSpatial information in Fourier space

but experiment (simulator) delivers also

Correlation functions

FT=

Structure factor



‚close to‘ O(N) expectations

Nature 568, 217 (2018)

Schmiedmayer group (back-to-back)
one component quasi-1D Bose gas
α=0.1 β=0.1

Θ𝐹𝐹⊥

Thesis:
Max Prüfer

See also:
Extraction of quantum effective action
Nature Physics, 16,1012 (2020)

Torsten Zache



A very ‚different‘ phase far-from-equilibrium

PRL 125, 170401 (2020)

soliton
precurser&

quench

quench



Rescaling and exponents



Initial
conditions

Equilibrium

NTFP G

NTFP A

Beyond TRINITY graph

UNIVERSALITY CLASSES FOR 
QUANTUM DYNAMICS ?

Connection to 2d Heisenberg model ?
arXive: 2106.00023



Quantum Field Simulator – Universal  Dynamics & Fields in Curved Space
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Particle production in expanding space-time



The basic ingredient … massive reduction of the problem Introduction

With additional symmetry assumption: homogeneous and isotropic

Friedmann-Lemaître-Robertson-Walker (FLRW) metric

Cosmology
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Simulating free massless scalar field in curved space
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adjustable metric
of FLRW form



finite extension

Mapping on experimental reality how 2D infinite space fits on a disc

infinite extension
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Introduction

finite extension

hyperbolic
geometry

Mapping on experimental reality Ultracold Escher

Markus Oberthaler



2D Bose gase – potassium 39 

V 𝜇𝜇
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is the imaginary part of the phononic field
Stefan Flörchinger

arXiv:2202.10441



Geodesics via free wavepaket dyamics Realization of 2D space with negative curvature

𝜇𝜇
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Quantum field simulator for dynamics in curved spacetime
arXiv:2202.10399 



Hyperbolic to spherical
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Bizar density distribution leads to positive curvature

Quantum field simulator for dynamics in curved spacetime
arXiv:2202.10399 



Particle production in accelerated space-time Curvature in time
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Quantum field simulator for dynamics in curved spacetime
arXiv:2202.10399 

Connected experimental work by: Steinhauer, Campell, Chin, Hung



Particle production in accelerated space-time Curvature in time
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Detection scheme building on Sacharov oscillations Benchmark with new analytical solutions
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Comparison to analytic theory prediction:



rXiv:2202.10441www.SynQS.de

EntanglGen

Synthetic Quantum Systems

Detecting Entanglement in Quantum Field Setting
PRL 128, 020502 (2022)

Universal dynamics
Nature, 2018, Vol. 563, 217-220

Extracting quantum effective action
Nature Physics, 2020, Vol. 16, 1012-1016

Quantum field simulator for dynamics in curved spacetime
arXiv:2202.10399 

Curved and expanding spacetime geometries in BECs
arXiv:2202.10441

Experiment: H. Strobel
Rubidium: 

P. Kunkel (Stanford)
M. Prüfer (Vienna)
S. Lannig
Y. Deller

Potassium:
C. Viermann
M. Hans
E. Kath
N. Liebster
M. Sparn

Theorie:
T. Zache (Innsbruck)
M. Gärttner
T. Gasenzer
J. Berges
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