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1. What is a fluid ?
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Elliptic flow as a measure of collectivity

• What is a fluid? “Something that obeys fluid dynamics”
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Viscous corrections

≫
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Heavy ions, elliptic flow
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Nouicer, R. New state of nuclear matter: Nearly perfect fluid 
of quarks and gluons in heavy-ion collisions at RHIC 
energies. The European Physical Journal Plus 131, 70 (2016).
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Elliptic flow in 10 atoms
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Brandstetter, S. et al. 
Emergent interaction-
driven elliptic flow of 
few fermionic atoms. 
Nat. Phys. 21, 52–56 
(2025).

2d ideal hydro
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2 immediate questions

• Can a microscopic quantum theory 
predict this quantitatively? 

• Is this hydrodynamics ? What 
transport coefficients are required 
by data ?
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2. Density Functional Theory (DFT)
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The idea

Noninteracting Interacting
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Noninteracting 
+ aux. potential 
= same density
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• We use SLDAE, assumes energy functional is built from local densities 

The (extended) Superfluid local density approximation (SLDAE)
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Pairing
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[Wlazłowski, Magierski, Forbes, Bulgac, arXiv.2602.08982]
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3. What does DFT predict ?
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Elliptic flow

13

Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth

<latexit sha1_base64="zcSiGTcG5EeRCBaOeApINq24/rg="></latexit>

Esldae =Aω
ω

2
+

3

5
BωεFn+ gω |ϑ|2 → (1→Aω)

j2

2n



Uri Sharell, A quantum fluid of 10 atoms, Light-ion workshop Heidelberg, 24/09/2026

Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow
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Only pairingOnly Hartree-like termBoth

<latexit sha1_base64="zcSiGTcG5EeRCBaOeApINq24/rg="></latexit>

Esldae =Aω
ω

2
+

3

5
BωεFn+ gω |ϑ|2 → (1→Aω)

j2

2n



Uri Sharell, A quantum fluid of 10 atoms, Light-ion workshop Heidelberg, 24/09/2026

Elliptic flow
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Only pairingOnly Hartree-like termBoth
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Elliptic flow

30

Only pairingOnly Hartree-like termBoth

Pairing is essential for elliptic flow!
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Comparison to experiments
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Published experimental data 
from:


Brandstetter, S. et al. 
Emergent interaction-driven 
elliptic flow of few fermionic 
atoms. Nat. Phys. 21, 52–56 
(2025).

PRELIMINARY
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Comparing to experimental profiles

32

PRELIMINARY
Thanks to 
 
Guillermo  
Sanchez Paladines 
 
and 
 
Carl Heintze 
 
for help interpreting the 
published experimental data

Published experimental data 
from:


Brandstetter, S. et al. 
Emergent interaction-driven 
elliptic flow of few fermionic 
atoms. Nat. Phys. 21, 52–56 
(2025).
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Profile summary
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Time

PRELIMINARY
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Momentum space – current density
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4. Hydrodynamics
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Quantum pressure
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Phase winding: Flow Amplitude bending: 
Quantum pressure
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Less bending

[Heyen, Flörchinger, Giacalone, arXiv:2408.06104] Shear viscosity 



Uri Sharell, A quantum fluid of 10 atoms, Light-ion workshop Heidelberg, 24/09/2026

Scaling Ansatz
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bx(t)

<latexit sha1_base64="hJDyBcbYKY79RWn98jfcDUxPAzE=">AAACAXicbVBLTgJBFHzjF/GHunTTkZjghswYgy6JblxiIp8EJqSn6YGWnk+63xgnhJUXcKs3cGfcehIv4DlsYBYCVtJJpeq9vOryYik02va3tbK6tr6xmdvKb+/s7u0XDg4bOkoU43UWyUi1PKq5FCGvo0DJW7HiNPAkb3rDm4nffORKiyi8xzTmbkD7ofAFo2ikhtdNS3jWLRTtsj0FWSZORoqQodYt/HR6EUsCHiKTVOu2Y8fojqhCwSQf5zuJ5jFlQ9rnbUNDGnDtjqZpx+TUKD3iR8q8EMlU/bsxooHWaeCZyYDiQC96E/E/r52gf+WORBgnyEM2O+QnkmBEJl8nPaE4Q5kaQpkSJithA6ooQ1PQ3JWnWdS8KcZZrGGZNM7LTqVcubsoVq+zinJwDCdQAgcuoQq3UIM6MHiAF3iFN+vZerc+rM/Z6IqV7RzBHKyvXz4Dl0Y=</latexit>

by(t)

<latexit sha1_base64="ltBfKnVkJQbRjs27DVRP27znyc8=">AAACAXicbVBLTgJBFHzjF/GHunTTkZjghswYgy6JblxiIp8EJqSn6YGWnk+63xjJhJUXcKs3cGfcehIv4DlsYBYCVtJJpeq9vOryYik02va3tbK6tr6xmdvKb+/s7u0XDg4bOkoU43UWyUi1PKq5FCGvo0DJW7HiNPAkb3rDm4nffORKiyi8x1HM3YD2Q+ELRtFIDa8rSnjWLRTtsj0FWSZORoqQodYt/HR6EUsCHiKTVOu2Y8foplShYJKP851E85iyIe3ztqEhDbh202naMTk1So/4kTIvRDJV/26kNNB6FHhmMqA40IveRPzPayfoX7mpCOMEechmh/xEEozI5OukJxRnKEeGUKaEyUrYgCrK0BQ0d+VpFjVvinEWa1gmjfOyUylX7i6K1eusohwcwwmUwIFLqMIt1KAODB7gBV7hzXq23q0P63M2umJlO0cwB+vrFyRTlzY=</latexit>

bi(t)Substitute and solve for 

Betsy, born 2011
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Euler + viscosity + quantum pressure

38
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Momentum anisotropy

39

0 50 100 150 200 250 300 350

t [µs]

�0.2

0.0

0.2

0.4

0.6

h�
k
2 y
i�

h�
k
2 x
i
[µ
m

�
2
]
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TD-W-SLDA

experiment

PRELIMINARY Ideal hydro

DFT

<latexit sha1_base64="GKMhJ09E/TDXLiMRX3M6kz/44o4=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8xd2g0YsQ9OIxgnlAEsPspJMMmZ1dZnqVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7/EgKg6777Swtr6yurWc2sptb2zu7ub39mgljzaHKQxnqhs8MSKGgigIlNCINLPAl1P3hzcSvP4I2IlT3OIqgHbC+Ej3BGVrpoQXIThW9om6hWDzv5PJuwZ2CLhIvJXmSotLJfbW6IY8DUMglM6bpuRG2E6ZRcAnjbCs2EDE+ZH1oWqpYAKadTK8e02OrdGkv1LYU0qn6eyJhgTGjwLedAcOBmfcm4n9eM8beZTsRKooRFJ8t6sWSYkgnEdCu0MBRjixhXAt7K+UDphlHG1TWhuDNv7xIasWCVyqU7s7y5es0jgw5JEfkhHjkgpTJLamQKuFEk2fySt6cJ+fFeXc+Zq1LTjpzQP7A+fwBubOQuA==</latexit>

ω/n = 0.225
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Full viscous anisotropic hydro simulations

40

Code from [Bluhm and Schäfer, arXiv:1512.00862]
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Self similarity

41

Justifies scaling Ansatz ! 
<latexit sha1_base64="HVWc1Sfh1jVUQOCfcGSEiZyDlqM=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VoQdpEpLoRim5cVrAPaEqYTCft0MkkzExKY8hnuPFX3LhQxG13/o3Tx0JbD1w4nHMv997jhoxKZZrfRmZtfWNzK7ud29nd2z/IHx41ZRAJTBo4YIFou0gSRjlpKKoYaYeCIN9lpOUO76Z+a0SEpAF/VHFIuj7qc+pRjJSWnHyFF+0Rwck4PVcleANtTyCccMcsjh1acR1aShPXGUPXiXU9pU6+YJbNGeAqsRakABaoO/mJ3Qtw5BOuMENSdiwzVN0ECUUxI2nOjiQJER6iPuloypFPZDeZPZbCM630oBcIXVzBmfp7IkG+lLHv6k4fqYFc9qbif14nUt51N6E8jBTheL7IixhUAZymBHtUEKxYrAnCgupbIR4gHY3SWeZ0CNbyy6ukeVG2quXqw2WhdruIIwtOwCkoAgtcgRq4B3XQABg8g1fwDj6MF+PN+DS+5q0ZYzFzDP7AmPwACnCfLw==</latexit>

n(ωx, t) =
n0(xi/bi)

bxbybz



Uri Sharell, A quantum fluid of 10 atoms, Light-ion workshop Heidelberg, 24/09/2026

Summary and outlook 

42

• DFT is a microscopic technique to solve many-body 
quantum problems 

• Reproduces measured elliptic flow of 10 atoms (only 
inputs: scattering length + trap frequencies). 
Extendable to any atom number N. 

• Pairing responsible for collectivity in this framework. 

• Viscous scaling hydrodynamics with nonzero quantum 
pressure describes density evolution. 

• Scaling Ansatz justified through full anisotropic hydro 
simulation. 

• Thanks! Questions? Email: sharell@thphys.uni-heidelberg.de

mailto:sharell@thphys.uni-heidelberg.de


Backup slides
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Holten, Bayha, Subramanian, Brandstetter, Heintze, Lunt, Preiss, and Jochim, arXiv:2109.11511
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• Exact diagonalisation: 

• Intractable for N > 6 

• Hohenberg-Kohn Theorem: Existence of

How to find the auxiliary potential 

53

<latexit sha1_base64="7qG26rwNGSJs/tXmeo523I5CGrk="></latexit>

vaux =
ωEfull
ωn

<latexit sha1_base64="VdftvICY7MbgMImbf4yZ3mxiBCw="></latexit>

Eext =
∫

n(r)Vext(r) d
3r

<latexit sha1_base64="naoC+RRAbLopzvQ0es1tMuvOPSM=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1QFKHLCvYBM8OQSTNtaJIZkoxQhn6AG3/FjQtF3PoB7vwbM+0stPVCkpNzziW5J0wYVdq2v63Syura+kZ5s7K1vbO7V90/6Ko4lZh0cMxi2Q+RIowK0tFUM9JPJEE8ZKQXjm9yvfdApKKxuNeThPgcDQWNKEbaUEG15nEqAq+tKGy5+eHDK3gb2Gaf3wPbNy67bs8KLgOnADVQVDuofnmDGKecCI0ZUsp17ET7GZKaYkamFS9VJEF4jIbENVAgTpSfzYaZwhPDDGAUS7OEhjP2d0eGuFITHhonR3qkFrWc/E9zUx1d+hkVSaqJwPOHopRBHcM8GTigkmDNJgYgLKn5K8QjJBHWJr+KCcFZHHkZdM/qTqPeuDuvNa+LOMrgCByDU+CAC9AELdAGHYDBI3gGr+DNerJerHfrY24tWUXPIfhT1ucPKfqZKA==</latexit>

min
!

H[!] = E0 = H[!0]

<latexit sha1_base64="cA6QrYjk95+wJztmiRL2G98LUX0=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVDdCUQouK9gHNCFMppN26GQSZiZiCf0ON/6KGxeKuBM3/o2TNgvbemCGwzn3cu89fsyoVJb1YxRWVtfWN4qbpa3tnd09c/+gLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/dJP5nQciJI34vRrHxA3RgNOAYqS05Jm2E1LuceiESA0xYmlj0uMuvIINz9L/nOxZlcdT1zPLVtWaAi4TOydlkKPpmV9OP8JJSLjCDEnZs61YuSkSimJGJiUnkSRGeIQGpKcpRyGRbjo9bQJPtNKHQST04wpO1b8dKQqlHIe+rsxWlYteJv7n9RIVXLop5XGiCMezQUHCoIpglhPsU0GwYmNNEBZU7wrxEAmElU6zpEOwF09eJu2zql2r1u7Oy/XrPI4iOALHoAJscAHq4BY0QQtg8ARewBt4N56NV+PD+JyVFoy85xDMwfj+BeGQn4U=</latexit>

min
n

E [n] = E0 = E [n0(x)]

<latexit sha1_base64="gWwNkHhDNpVH3vhvsX1942lnleE="></latexit>

! = !(x1, x2, . . . , xN ), xi → Rd

Mapping to noninteracting system via full energy functional
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The self-consistent loop

54

Slater determinant
<latexit sha1_base64="/YKJHsM9QzYX7KXMvXaxsTumhmY=">AAACGnicbVA9SwNBEN3z2/gVtbRZDULShDsRtRFEGyuJYFTIhWNvM5es2ftwd04Mx/0OG/+KjYUidmLjv3ETU2jig4HHezPMzPMTKTTa9pc1MTk1PTM7N19YWFxaXimurl3qOFUc6jyWsbr2mQYpIqijQAnXiQIW+hKu/O5J37+6A6VFHF1gL4FmyNqRCARnaCSv6Li1jqCH1A0U45mTZ66+VZidbea5i3CPWQswL7tJR3iifO/dVCpesWRX7QHoOHGGpESGqHnFD7cV8zSECLlkWjccO8FmxhQKLiEvuKmGhPEua0PD0IiFoJvZ4LWcbhulRYNYmYqQDtTfExkLte6FvukMGXb0qNcX//MaKQYHzUxESYoQ8Z9FQSopxrSfE20JBRxlzxDGlTC3Ut5hJiQ0aRZMCM7oy+Pkcqfq7FX3zndLR8fDOObIBtkiZeKQfXJETkmN1AknD+SJvJBX69F6tt6s95/WCWs4s07+wPr8BgBqoN4=</latexit>

! =
1→
N !

det(ωi(xj))

<latexit sha1_base64="uSCxMCB3Mm9KC5oX8eGi9D7s9Bo="></latexit>

Hωi =

(
→
↑

2

2m
+ V

)
ωi = εiωi

Single particle problem
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<latexit sha1_base64="1KY+USi88K76aVd+Xyk1RQedEOQ=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0yKVI9FLx4r2A9oQtlsN+3SzSbsboQa+ku8eFDEqz/Fm//GbZuDtj4YeLw3w8y8MOVMadf9ttbWNza3tks75d29/YOKfXjUVkkmCW2RhCeyG2JFORO0pZnmtJtKiuOQ0044vp35nUcqFUvEg56kNIjxULCIEayN1LcrPtX4QiBfsRi5Tq1vV13HnQOtEq8gVSjQ7Ntf/iAhWUyFJhwr1fPcVAc5lpoRTqdlP1M0xWSMh7RnqMAxVUE+P3yKzowyQFEiTQmN5urviRzHSk3i0HTGWI/UsjcT//N6mY6ug5yJNNNUkMWiKONIJ2iWAhowSYnmE0MwkczcisgIS0y0yapsQvCWX14l7Zrj1Z36/WW1cVPEUYITOIVz8OAKGnAHTWgBgQye4RXerCfrxXq3Phata1Yxcwx/YH3+AORSkfQ=</latexit>

ω/n → 0.2

Bluhm, Hou, Schäfer, arXiv:1704.03720


