Emergent many-body dynamics at its limits:
from ultracold atoms to high-energy collisions
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The physical world as an emergent phenomenon
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More is different ... 50 years later
[P. W. Anderson, Science 177 (1972) 4047, 393-396]
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. why these two fields ?

particle number Ultracold atoms — Highly controllable quantum systems
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Nuclear collisions — Many handles on the collision dynamics
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multiplicity, rapidity, collision energy ...




Example for heavy ions : Collisional hydrodynamics (T>0)

Fluid Mechanics
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Characteristic timescale 7/R

Breaking textbook criteria — Since 2018
[Kurkela, Wiedemann, Wu, EPJC 79 (2019) 11, 965]

Characteristic timescales vs opacity
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Example for cold atoms : Superfluid hydrodynamics (T~0)

Bose-Einstein
Condensation and

large system of bosons N > 1 superfluidity
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Gross-Pitaevskii equation  ¥(r,0)="¥ (r,0)+&r,1)

ideal (superfluid) hydrodynamics
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Bits of history ...

Control of geometry and interactions — Elliptic flow to probe superfluid hydrodynamics

[O’'Hara et al., Science 298 (2002) 2179-2182]
[Menotti, Pedri, Stringari, PRL 89, 250402 (2002)]
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Jochim Lab @ Heidelberg University — Control of particle numbers down to one atom!

[Serwane et al., Science 332 (2011) 6027]

Breaking textbook criteria - One by one
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Criteria for applicability of many-body description fail

Yet ... Observed inversion of the initial anisotropy
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Ideal hydro model based on the many-body gas (EOS, N>>1)

Ny Real space
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Bonus : Tails of the trapped density nicely
captured by Gross-Pitaevskii framework
[Floerchinger, Giacalone, Heyen, PRC 112 (2025) 1, 014003]
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More prospects [from arXiv:2509.05049] - ideas welcome!

We can play with

Initial geometry/size
Interaction strength
Number of atoms

Perturbations

We can measure

Response/relaxation

Two- and multi-particle
correlations

Transport/EOS
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Much activity on the “equilibrium front” ... hydrodynamic attractors

New platform operational in Huzhou for studying thermal gas across opacities

[Li et al., arXiv:2405.02847] Talk by Fugiang Wang
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Talk by Clemens Werthmann

Far-from-equilibrium dynamics in thermal near-unitary gas
[Werthmann, Heller, arXiv:2507.02838]

Ultracold atom setup ideally suited for experimental discovery of the attractor
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Frontier with ultra-cold atom gases - Spatial imaging
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VIEWPOINT VIEWPOINT

A Glimpse at the Quantum Behavior of a Magnifying Atomic Images
Uniform Gas Tarik Vefsah

French National Centre for Scientific Research (CNRS) and Ecole Normale Supérieure, Paris, France
Meera Parish

School of Physics and Astronomy, Menash University, Melbourne, Australia September 2, 2025 « Physics 18, 152

May 5, 2025 « Physics 18, 89 A new technique allows the imaging of an atomic system in which the interatomic spacing is smaller than the

An innovative way to image atoms in cold gases could provide deeper insights into the atoms’ quantum optical-resolution limit.
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Many-body correlations of atoms — Snapshots of the ground-state wave function
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Imaging nuclear ground states at colliders — Same strategy
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FINITE NUMBER OF NUCLEONS TWO-BODY CORRELATIONS

New “eccentricity operator” for many-body quantum systems
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[Duguet, Giacalone, Jeon, Tichali, arXiv:2504.02481] 17



v, (Ne-Ne / OO)

Highlights from ALICE and LHCb at this conference
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Upward correction from the ground-state expectation <\IJO ‘52 | \I!0>

Neon has stronger angular correlations than oxygen (e.g. deformation)

Implications for nuclear forces in chiral EFT? Interplay with QCD effects?
[work in progress with ab initio nuclear structure community] 18



Fully controllable quantum systems are available (particle number, interactions, geometry)

Understanding emergence — Re-examining textbook criteria, new language/interpretation

Heavyl/Light ions (or?) and ultracold atoms at the forefront of these developments!
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