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Outline

 Emergence of macroscopic dynamics: Hydrodynamics
 Expansion and collective modes of unitary Fermi gas

* Goldstone mode in homogeneous Fermi gas

* Pairing and collective modes in a 2D trap
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Emergence of macroscopic dynamics

Grain of

orites paradox:

P. W. Anderson:
“More is different

Pressure P
Temperature T



Hydrodynamics

Slowly varying perturbations wt << 1 or lmf//l < 1
Response determined by conservation laws

« Continuity: 9;p + V(pv) =0

» Euler: 0:(pv;) = — 0kl
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Friction
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Low collision rate ==» Large viscosity

High collision rate ==
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e

Minimum:  ~ npl, . 2 hAn

Small viscosity

s ~ nkp
h

St interacti 1>
“Perfect fluid” 'ong INEractions s — 4drmkp
e Quantum system
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Expansion & collective modes of Fermi gas
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S. Brandstetter et al., arXiv:2308.
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Collective modes (Grimm
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normalized frequency

Boltzmann equation

ot or P ap

—If

Linearize f=f"46f 6f(x,p,t)= f(r,p)[l — fO(r,p)®(r, p, )

Frequency Damping Viscous relaxation rate
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Superfluid hydrodynamics

Superfluid wave function A(r) = | A(r) | e’

Higgs

Phase fluctuations (Goldstone modes) low Goldstone mode
mode

energy degrees of freedom

Re(A) Im(A)
Hydrodynamic (two-fluid) equationswth .~
Irrotational supercurrent v, Vo % D it
Collective mode spectrum identical Bal

o . 14 —— o ¢ __i_i_i_?_ﬁ _________

to that of collisional hydrodynamics ¢
Seen in trapped Fermi gas at low T e ;F G,
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Goldstone mode for homogeneous gases

A(r, 1) = |A| e Bragg spectroscopy
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Spontaneous broken symmetry

Ferromagnet
T > 1, 1T <1,

T>T ¢
A -

Superconductor

Attraction between o o @ © OQ
two fermions o Q . 0..0 Q
T ™ 0 Qr

o Q 0 =y 0

Cooper pairs for T<Tc
A(r) = [A(r)]e"™




Palring and collective modes in a 2D trap

Two-component attractive Fermi gas in 2D trap
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Usual case: A»hw

090909 /  Intershel pairing
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Cooper pairs « cloud

Intershell
paliring
Intrashell

hairing Microtraps: A<hw

Cooper pairs~cloud

Intrashell (n,m, T)«<(n,-m,!) pairing dominates




 Open shell case
Always pairing for T=0
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Closed Shell

Normal Phase Superfluid Phase
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H =

-Few-oody limit

 [wo-component attractive Fermi gas in microtrap (2D)

Z( h* V5 1

21'?) + gZé(rk — 1)
k1

e Exact diagonalisation by expanding in 2D Harmonic
oscillator states. Up to ~107 states

* Divergence from &(r)-interaction eliminated by
expressing energies in terms of 2-body binding energy

EQ — 2hw — 265
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)~ B+8 system

Single particle
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Experiment
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Perspectives

QRPA in spherical trap: Emergence of Goldstone modes

Fragmentation

of mode

T=0 Superfluid Q.P.
T=0 Superfluid RPA

T~1.1T, Q.P.
T~1.1T, RPA
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Collisional hydrodynamics & viscosity
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Rotation and superfluidity

Theory bridging few-body < many-body
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