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Two routes to strongly-correlated matter

Strong interactions

Quenched kinetic energy

degenerate
s reorganise into
orrelated states

ipationless flow
tional quasiparticles
tional statistics

..P. Jarillo-Herrero

556, 43-50 (2018)
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Ultracold quantum gas platform
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1. Banging the Fermi drum

‘Universal’ diffusion of first sound In situ thermometry of second sound
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2. In situ physics of a rotating quantum gas

Geometric squeezing Dynamics of superfluid under Chiral edge modes
gauge field + interactions

Flat LL dispersion -> purely
interaction-driven physics

R. Fletcher, A. Shaffer, C. Wilson, P. Patel, Z. Yan, V. Crepel, B. Mukherjee, M. Zwierlein,
arXiv:1911.12347 (2019) Science, accepted
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Unitary Fermi gas

 Box potential

{ @ Critical phenomena
} @ Correlation functions
¢ ® Transport properties
{ ® Spectral response
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Two lengthscales: Two energy scales:
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Injecting sound waves
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Injecting sound waves
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E=(0.9)mc?

Consequence of scale invariance

S, 0P| V2OE

- = —— —

' Superfluid

mc? (h-kHz)

L CLI& Richard Fletcher

Dynamics and transport in
strongly-interacting quantum fluids

states to binary systems B BEN



Attenuation of sound waves

L
One-sided shaking: restrictedto ¢ < —
C

Instead: drive resonant modes of box

Integrate along ‘boring’ direction
and plot as function of drive

frequency...
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f (Hz)
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Attenuation of sound waves
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Hydrodynamic equations
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Attenuation of sound waves

A 1 I I I I .
Spectral response broadens with frequency
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Diffusivity of first sound
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Diffusivity of first sound

2 h T
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Diffusivity of first sound
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Comparison to 3He

Above Tc, Fermi liquid
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Two-fluid hydrodynamics

Superfluid Normal fluid
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In situ spectroscopy

-
Density respd

Spectroscopy of unitary Fermi gas
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strongly-interacting quantum fluids

Biswaroop Mukherjee, Parth B. Patel, Zhenjie Yan, Richard J.
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Injection of second sound

op 3 p

(Isentropic) expansivity of UFG 5T 5T

Drive temperature wave using potential (coupled to density)

+

Observation of Second Sound in Quasi-1D geometry:
Sidorenkov et al., Grimm, Stringari&Piatevskii, Nature 2013

On bosons: weakly interacting situation: JILA (Debbie Jin 1996), MIT
Hydrodynamic gas: van der Straten
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Observation of first and second sound
Density Probe

-

Temperature Probe

after RF transfer, ngp
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Damping of second sound

RF transfer
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2. In situ physics of a rotating quantum gas

Geometric squeezing Dynamics of superfluid under Chiral edge modes
gauge field + interactions

Flat LL dispersion -> purely
interaction-driven physics

R. Fletcher, A. Shaffer, C. Wilson, P. Patel, Z. Yan, V. Crepel, B. Mukherjee, M. Zwierlein,
arXiv:1911.12347 (2019) Science, accepted
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In situ detection of quantum vortices
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Artificial magnetic fields:

k
Construct analog of Aharonov-Bohm Direct phase
phase imprinting
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Basics: Foucault pendulum

(2 =0.1
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Basics: Foucault pendulum

(2 =0.1

Guiding centre
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\ (ga “" ’
Cyclotron
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Basics: Foucault pendulum

(2 =0.8
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Basics: Foucault pendulum

Q=1
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Basics: Foucault pendulum

Q=1

Energy

TS ST SIS Bl Sl el

T BT Sl Sl Sl SR

Tl Rl Sl Sl Sl e

Tl Rl Sl Sl Sl e

Guiding centre
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Quantum description

H = hw(w+ Q)& + 1) + hw(w — Q)(X* +Y7)
= h(w + Q)aTa + A(w — Q)b + hw

Cyclotron Guiding centre

If potential V(2,y) varies slowly, can’t resolve cyclotron motion

Particle moves within non-
commutative space

Viz,y) - V(X,Y)

Dynamics and transport in EFT methods from bound IIII -
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Life in a non-commuting space [X,Y] = —il%

Transverse Hallresponse V ~ F X

U(t) = exp (—%Vt) =Ty

Force Motion

Isopotential flow

Vg = —1 (O xVV V-1vqg =0
2muw

Time evolution under generic spatial potential

Geometric transformation
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Our experiment: BEC in a rotating elliptical trap

N
=

Elliptical harmonic potential

V = %mwQ [(1 +e)z? + (1 — g)yQ}

Rotate at frequency (2, ramp up to trap frequency

and hold
|
V. I (

' /
4
r
p
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Lab frame Rotating frame
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Drift velocity
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Geometric squeezing

Hamiltonian under saddle potential /"\ .
\Z Squeezing rate

H = 2hw |ata+ =] S {ISBH}T?)TJ C:%

_C.f. one-mode squeezing operator:

S(a) = exp (a*l;l; - ozl;TlA)T)
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Geometric squeezing

Hamiltonian under saddle potential /’\\ .
\Z Squeezing rate

A

H = 2hw |aTa +

10 0
B 2
30 F
C)
MR o c
........... ...O..Q.oo. <
0.53 0 3 6
Ct 5 d r \!B) " \tB) b d
. namics and transport in EFT methods trom boun o -
\ C L& Richard Fletcher yhamies ar P : : IIIII
A strongly-interacting quantum fluids  states to binary systems



Geometric squeezing

lB
AE = An — AX =AY = —
€ \/§
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Geometric squeezing

A =An=AX =AY =

IB
V2
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Geometric squeezing of

a vortex lattice
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R. Fletcher, A. Shaffer, C. Wilson, P. Patel, Z. Yan, V. Crepel, B. Mukherjee, M.
Zwierlein, arXiv:1911.12347 (2019) Science, accepted
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Transformation from a ‘symmetric gauge’ to ‘Landau gauge’ condensate
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Landau gauge condensate
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Interplay of gauge field and interactions
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Interplay of gauge field and interactions
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Interplay of gauge field and interactions
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S(k)/N

0.27 LLL Hydro
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Crystal lengthscale

Instability of the Landau gauge wavefunction

dynamics

Spontaneous crystallisation of superfluid

Occurs in the absence of any single-particle
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Instability of the Landau gauge wavefunction

d | { o

Crystal lengthscale

dynamics

kig
C
0.3 <£
I o o o o o e b ket 1) i —_—
[
3 0.2 le3
~~
—
(b mQZ' I,___
0.1 0] ',!
0 2 4
tw/2n
0.0 T T T T
1.0 1.5 2.0 2.5 3.0
R/lg

Crossover to LLL dynamics

Spontaneous crystallisation of superfluid

Occurs in the absence of any single-particle
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Instability of the Landau gauge wavefunction

d | s o s

Spontaneous crystallisation of superfluid

Occurs in the absence of any single-particle

dynamics
Crystal lengthscale - Crossover to LLL dynamics Spontaneous.symmetry
breaking
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Alternate ‘vortex dynamics’ view
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Alternate ‘vortex dynamics’ view
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