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Making a fluid atom by atom

Giuliano Giacalone QTI-TH Forum
October 31, 2024

Emergent hydrodynamic behavior of few strongly-interacting fermions

Based on work within the ISOQUANT
Collaborative Research Centre 

https://www.isoquant-heidelberg.de/

New!!

https://www.isoquant-heidelberg.de/
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● Hydrodynamics, heavy-ion collisions, elliptic flow

● The small system question in high-energy collisions

● Why ultra-cold atoms? Full control of a quantum system

● Elliptic flow in a few-fermion system: hydrodynamic interpretation

● Some prospects

OUTLINE
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1015 m 10-15 m

THE PHYSICAL WORLD AS AN EMERGENT PHENOMENON
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(COLLISIONAL) HYDRODYNAMICS

 Large N, separation of scales (micro vs. macro), equilibrium, … 

… from kinetic theory

Motion from conservation laws
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Heavy Ion Collisions – Somehow adhering to the“More is Different” 
paradigm in the context of high-energy physics [P.W. Anderson, 1972]

[T-D. Lee, 1974  link]

Beijing 2024

https://www.osti.gov/biblio/4061527
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Key probe of hydrodynamic behavior – Elliptic flow

Coordinate space Momentum space

[Ollitrault, PRD 46 (1992) 229-245]

1/R
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2000 – Evidence of a strongly-coupled quark-gluon plasma

IDEAL HYDRODYNAMICS

EXPERIMENTAL
DATA

≈ 1000 final-state hadrons

197Au+197Au collisions @ RHIC

Viscous corrections to
fix the visible discrepancies

[STAR collaboration, PRL 86 (2001) 402-407]

[Teaney, PRC 68 (2003) 034913]
[Romatschke & Romatschke, PRL 99 (2007) 172301]
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[CMS collaboration, EPJC 72 (2012) 2012]

208Pb+208Pb collisions @ LHC
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[CMS collaboration, PLB 724 (2013) 213-240]
[CMS collaboration, PLB 765 (2017) 193-220]

Big discovery at the LHC – Small system collectivity
[Wiedemann, Grosse-Oetringhaus, arXiv:2407.7484]

[Ambrus, Schlichting, Werthmann, PRL 130 (2023) 15, 152301]
[Kurkela, Wiedemann, Wu, EPJC 79 (2019) 11, 965]

A hydrodynamic description is not justified based on “standard criteria”

Triggered vast program on thermalization and out-of-equilibrium dynamics
[Berges, Heller, Mazeliauskas, Venugopalan, RMP 93 (2021) 3, 035003]
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“More is different” ?

Can we quantify what “more” means?

Are p-p collisions “different”?
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Why ultracold atoms?

Exquisite experimental control

particle number

interaction strength geometry

Parameters can be tuned in a table-top experiment
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without interactions with interactions

condensate fluctuations

(SUPERFLUID) HYDRODYNAMICS

Large system (N>>1), separation of scales (a³n<<1)

Fermions – BEC of molecules at T~0

[from S. Stringari, Lectures at Collège de France (2004/2005)]

EOS

=

molecule size << inter-molecule distance
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Control of interaction strength – From non-interacting to strongly-interacting systems 

Values for lowest states of 6Li:

“unitary” limit

Interactions at low momenta described by an s-wave scattering length parameter

Tunable via a Feshbach resonance through an external magnetic field

[L. Bayha, PhD thesis, Heidelberg University (2020)]
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free streaming
prediction

non-interacting data

strongly-interacting
 data

ideal hydrodynamics

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

Recent new study in a thermal gas done @ Huzhou:  Ke Li et al.,arXiv:2405.02847

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

Pure quantum states (ground states)
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[Holten et al., Nature 606, 287-291 (2022)]

[Bergschneider et al., PRA 97 063613 (2018)]

Jochim Lab @ Heidelberg University – Imaging of finite samples in “free space”

For each atom one detects about 20 photons per 20μs of exposure

Localization fidelity: 99.4 ± 0.3%
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[Brandstetter et al., arXiv:2409.18154]

interacting non-interacting

non-interacting
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Demonstration – “seeing” the effect of Pauli exclusion

single image average image

[Holten et al., PRL 126, 020401 (2021)]

High-fidelity preparation and imaging of zero-temperature states

N=3N=6
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Proposal – Elliptic flow with few trapped fermions

Flörchinger et al., PRC 105 (2022) 4, 044908

Studying emergence of  “hydrodynamics” particle by particle
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Beware of Heisenberg relations!

FT

“Background” elliptic flow from position-momentum relation

x

y

py

px

One atom in a harmonic potential
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It disappears quickly, like 1/N

N trapped
non-interacting

fermions  1/N

Dependence of background elliptic flow on particle number

≈ hydro limit in
unitary Fermi gas / QGP
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Qualitative expectations
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We predict non-monotonic behavior

Combining the curves… 
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Phenomenon observed with just 10 atoms – small system puzzle?

Experimental realization – Elliptic flow of few fermions
[Brandstetter et al., arXiv:2308.09699, to appear in Nature Physics]
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Emergence of elliptic flow as a function of particle number and interaction strength

no interactions

strong interactions

Final state is isotropic

Final state is elliptical

t=∞

x

yt=0

δrx

δry

non-monotonic
behavior!
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“More is different” … 

… 10 is different?!



  
27Mass of 6Li

=Pideal 

[Levinsen, Parish, arXiv:1408.2737]

Continuity and Euler equations (ideal fluid)

Hydrodynamic interpretation – superfluid in 2D (many-body limit)

superfluidity

pairing
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Matching to mass density at t=0 to the measured initial condition

This is something we can not do in heavy-ion collisions!

Mesoscopic physics (quantum corrections) … tails of the distributions?

Thomas-Fermi = “ideal hydrostatics”
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x

yt=0

δrx

δry

Direct comparison in real space – Aspect ratio of system is perfectly reproduced

https://python-hydro.github.io/pyro2/index.html

Brilliant hydro solver from Stony Brook

Absolute sizes off by fractions of  μm – Better understanding of systematics?

https://python-hydro.github.io/pyro2/index.html
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STRESS-ENERGY TENSOR
MOMENT OF DISTRIBUTION FUNCTION

px

py

t=0

δpx

δpy

IDEAL HYDRO

Insights from kinetic theory: 
Match hydro momentum flux density to f(t,x,p) 
of the non-interacting system after the quench 

Momentum space – Hydrodynamics does not make any prediction there
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Prospects – Nature of the trapped density

Gross-Pitaevskii theory applied to 6 pairs of fermions?
“Condensate” of 6 bosons?

[Floerchinger, Giacalone, Heyen, arXiv:2408.06104

Second-order hydrostatic problem

5+5

5+5

6+6

5+5

λ=1

quantum pressure
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Role of two-body correlations for collectivity

system
size

Red = mixed events, Blue = up-down correlations

[ABC* Project, ISOQUANT collaboration, Heidelberg]

Prospects – Impact of correlations on dynamics
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SUMMARY

● Major discovery by the LHC: collectivity in small collision systems

● Exploit exquisite degree of control of cold atomic gases to address the issue from 
a new angle 

● “Small system question” emerges with ultra-cold atoms

● Hydro model based on many-body Fermi gas gives compelling description of the 
measurements

● Unique platforms to explore microscopic origins of emergent collective behavior   
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