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1. What Is a fluid 7
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On the rheology of cats

M.A. Fardint: %3 *

' Université de Lyon, Laboratoire de Physique, Ecole Normale Supérieure de Lyon,
CNRS UMR 5672, 46 Allée d’Italie, 69364 Lyon cedex 07, France.
“The Academy of Bradylogists.
Member of the Extended McKinley Family (EMF).
(Dated: July 9, 2014)

In this letter I highlight some of the recent developments around the rheology of Felis catus, with
potential applications for other species of the felidae family. In the linear rheology regime many
factors can enter the determination of the characteristic time of cats: from surface effects to yield
stress. In the nonlincar rheology regime flow instabilitics can emerge. Nonctheless, the flow rate,
which is the usual dimensional control parameter, can be hard to compute because cats are active
rheological materials.

ravTo pel! Everything flows! This famous aphorism
used to characterize Heraclitus’ thought is also the motto
of rheology. “Everything flows and nothing abides; ev-
erything gives way and nothing stays fixed.” a recipe for
insubordination actually [rom Simplicius and Plato. Ev-
erything flows? Well, it depends on the definition of a
flow; if sufficiently general, there is no doubt that there
are no exceptions to the rule! What is a flow? What is
a fluid? As pointed out from the start by Reiner. the
essential value of rheology is to recognize that states of
matler are a matter of time(s). The first time, is a lime
of observation T'. What is true today may not be true
tomorrow. Time over time, one day 49, the next 50.

Historically, the popular distinction between states of
matter has been made based on qualitative differences
in bulk properties. Solid is the state in which matter
maintains a fixed volume and shane: liauid is the state

IgNobel Prize 2017




Elliptic flow as a measure of collectivity

- What is a fluid? “Something that obeys fluid dynamics”
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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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Flliptic flow in 10 atoms
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D 2d Ideal hydro

Brandstetter, S. et al.
Emergent interaction-
driven elliptic flow of

few fermionic atoms.

Nat. Phys. 21, 52-56

(2025).



2 Immediate questions

-+ Can a microscopic quantum theory
oredict this quantitatively?

- |s this hydrodynamics 7 \What
transport coefficients are required

by data
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2. Density Functional Theory (DFT)




The Idea

Noninteracting Interacting Noninteracting

+ aux. potential
= same density
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The (extended) Superfluid local density approximation (SLDAE)

- We use SLDAE, assumes energy functional is built from local densities

Ty N <¢iv2¢g> Ng ~~ <¢Z’¢(7> pon~ <¢T¢¢> Jo ™~ <¢iv¢0>

Kinetic energy Density Pairing Currents

E —AT'SBe n + |V|2—(1—A)£
sldae — >\2 I5 ANCF g )\zn

[Wlaztowski, Magierski, Forbes, Bulgac, arXiv.2602.08982] )\ — VCFCL|
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3. What does DFT predict ?
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Elliptic flow
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Elliptic flow

T 3

gsldae :A)\ 9

Both

SLDAE: t=0.019 ms

10 5) 0 D
x [pm]

- —Byepn + gy |v]* — (1 — A))

O

Only Hartree-like term
g=0: 1=0.019 ms

Only pairing

B=0: t=0.019 ms

laby |

0 5 10 10 0 5
x pm] x [pm

b |

10 10

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

i

2N

10

T
[—
c’-‘

=
N

[
| NN

[—
-

Nop [at.oms /1 1112]

<
w0

;D
N

0.4

14



Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow
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Elliptic flow

Pairing Is essential for elliptic flow!
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Comparison to experiments

Gaussian-fit width o [pum]

(zaussian-fit widths: experiment vs. simulation

—— o, SLDARE
o, SLDAF

[ ]
[ ]
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o, exp

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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Comparing to experimental profiles

Thanks to

Guillermo
Sanchez Paladines

and
Carl Heintze

for help interpreting the
oublished experimental data

Marginal profiles, t =0 s

Z

experitment | Published experimental data
— SLDAE from:
T2
g Brandstetter, S. et al.
. Emergent interaction-driven
8 17 elliptic flow of few fermionic
S atoms. Nat. Phys. 21, 52-56
(2025).
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Profile summary

= experiment

Marginal profiles: experiment (histogram) vs. simulation (line)
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Momentum space — current density
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4. Hydrodynamics
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Quantum pressure

— \/ﬁew VO x v
hZ h2 More bending
T) = 2m / ‘V?MQ / MR + 2m / |V\/ﬁ|2 <~ o~ -

Amplitude bending:

Phase winding: Flow
Quantum pressure

Less bending
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A \V&
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2 Jn

[Heyen, FIorchinger, Giacalone, arXiv:2408.06104] Shear VISCOSIty
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Scaling Ansatz

n(x,t) =

bybyb.

Substitute and solve for b;(t)

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

\ |

Betsy, born 2011
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Euler + viscosity + guantum pressure

Scaling hydrodynamics (3D)+ quantum pressure
Aw = 0.30, n/n = 0.225
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Momentum anisotropy
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Full viscous anisotropic hydro simulations

Physical density profile along x
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Self similarity

n-RMSx-RMSy-RMSz [atoms]
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Justifies scaling Ansatz ! n(T,t) =
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Summary and outlook

DFT Is a microscopic technigue to solve many-body
guantum problems

Reproduces measured elliptic flow of 10 atoms (only
iNnputs: scattering length + trap frequencies).
—xtendable to any atom number N.

Pairing responsible for collectivity Iin this framework.

Viscous scaling hydrodynamics with nonzero quantum
pressure describes density evolution.

Scaling Ansatz justified through full anisotropic hydro
simulation.

Thanks! Questions?

ey |

Gaussian-fit width o [pm)]

(aussian-fit widths: experiment vs. simulation

e
1

oo
|

— 7, SLDAE ® o exp
— 0,SIDAE B o, exp
]
(]
| | | | |
0 100 200 300 400
t 8]

Email: sharell@thphys.uni-heidelberg.de

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

Holten, Bayha, Subramanian, Brandstetter, Heintze, Lunt, Preiss, and Jochim, arXiv:2109.11511
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Marginal profiles, ¢t = 260 us
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Marginal profiles, ¢ =350 us
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Gaussian width [pm)]

Scaling hydrodynamics (3D) + quantum pressure
Aw = 0.30, n/n = 0.225
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x: marginal, linear
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expansion rates: what the two parameters were fitted to
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How to find the auxiliary potential

- Exact diagonalisation: m\gn H\V| = Ey = H[Vg

- Intractable for N > 6 \P:\IJ(I‘1,$2,...,$N),$Z‘ ERd

+ Hohenberg-Kohn Theorem: Existence of miné& n| = FEy = Eno(x)]

Mapping to noninteracting system via full energy functional

Eoxt = /TL(I')VeXt (r) d°r Vo = 5gfull
on

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

Slater determinant

1 . Guess density n
O = det(od: (1. . Compute potential from func-
| (¢Z (ajj )) tional
Vv V!
v[n] = .
Siﬂg\e par’[iC\e prob\em . Solve equivalent single-particle

non-interacting Schrodinger
Equation (Kohn-Sham equa-

V2 tions):
Hoi=|—5 -+ V |oi=cid -
( o ’0) Pi = €;P;

. Compute n = 3, ||
. Go back to 2 unless converged

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



n/n ~ 0.2

20

FIG. 4: Same as Fig. 3, zooming in on the low temperature
regime. QOur analysis (red band) is compared to the results
(gray points) obtained in [1], the T-matrix calculation (dashed
line) of Enss et al. (29|, and the lattice calculation (green
band) of Wlazlowski et al. [30].

Bluhm, Hou, Schafer, arXiv:1704.03720
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