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* From Ashton Bradley’s talk
last week:

no (a.u.)

tised circulation. In 19
He showed that at su

centre plasmas [8], and sel ) )
spontaneously form large-scale, long-lived vortices — Jupiter’s Great Red Spot is a well-known example [10].
Howe Onsager’s theory doesn’t quanti to classical fluids where vorticity is continus and
experimental systems demonstrating Onsager’s point- atistical mechanics have remained elusive. Here
we realise high energy, negative-temperature vortex clusters in a uniform superfluid Bose-Einstein condensate.
Our results confirm Onsager’s prediction of negative temperature clustered phases of quantum vortices, and
demonstrate the utility of point-vortex statistical mechanics in 2D quantum fluids. This work opens future di-
rections for the study of turbulent dynamics and we anticipate exploring the entire phase diagram of 2D quantum
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-equilibrium phenomenon, yet a complete theoretical descrip
challenging problem. A useful simplification for ideal two-dimer 1(2D)
ribe the turbulent flow with long acting point vortices [1-3], each possessing quan-

atistical mechanics to determine the equilibria of this model.

g ulation vortices preferentially regate into large-scale

a negative absolute temperature. Onsager’s theory has been highly influ-
ential [5, 6], providing understanding of diverse g tems such as turbulent soap films [7], guiding-

tems [9]. It also predicts the striking tenden f 2D turbulence to

including the formation of clusters from 2D quantum turbulence [11-13].

arXiv:1801.06951, to appear
in Science
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2D QUANTUM TURBULENCE

C|CISSICO| ’rurbulence Quantum turbulence

“Continuous”
vortices

1. Background



2D QUANTUM TURBULENCE

t=0.00

® = vortices

= antivortices

= dipole
moment

N=47 + 46

For movie, see Supplement of:
Groszek et al., PRA 93, 043614 (2016)

1. Background



Time

Groszek et al., PRA 93, 043614 (2016)

1. Background
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2. Vortex thermodynamics



TEMPERATURE
« Vortex temperature (Onsager, 1949):.
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2. Vortex thermodynamics



NEGATIVE TEMPERATURES
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* Roll two dice

« Sum = energy




2. Vortex thermodynamics S|mU|O eT Ol., PRL 113, ] 65302 (20] 4)
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WHY IS T NEGATIVE?

« Hamiltonian system:
H(x},y;) ~ z [iTjlog(Ir; — 1))
ij

dx;, oH dy; oH

dt x ay] ’ dt x ax]

 Phase space =real space

« Bounded space - B < 0 possible

“Evaporative heating”:
Coldest vortices annihilate,
remaining vortices hotter on

average

Simula et al., PRL 113, 165302 (2014)

2. Vortex thermodynamics



HOW TO MEASURE T¢

» Split vortices into three groups:
I.  Clusters:

¢

ii. Dipoles:

ii. Free vortices:

®© @

Before

Valani et al., NJP 20, 053038 (2018)

2. Vortex thermodynamics



HOW TO MEASURE T¢

Vortex classification Vortex thermometers

1. Dipoles

Clustered vortices
Dipole vortices
Free vortices

2. Clusters

Population

100% |
dipoles

¥
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3. Free
vortices Groszek et al., PRL 120, 034504 (2018)

2. Vortex thermodynamics



Total vortices ——

Clustered vortices ——
Dipole vortices
Free vortices

Time

Groszek et al., PRL 120, 034504 (2018)

2. Vortex thermodynamics
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Groszek et al., PRL 120, 034504 (2018)

2. Vortex thermodynamics



APPLYING THE THERMOMETER

-0.8

—— Clustered vortices
——Dipole vortices

- _0-6

Groszek et al., PRL 120, 034504 (2018)

2. Vortex thermodynamics
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PAST EXPERIMENTS

* Neely ef al., PRL 111, 235301 (2013):

0.15s 0.33s 067s 1.17 s 8.17 s

Trapping ‘ Simulation
potential?

« Kwon ef\al., PRA 90, 063627 (2014):
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1. Background



1. SIGN DETECTION

Seo et al., Scientific Reports 7, 4587 (2017)

1. Background



Seo et al., Scientific Reports 7, 4587 (2017)

1. Background



t ~ 600w, t ~ 3000w,

Groszek et al., PRA 93, 043614 (2016)

1. Background



2. TRAPPING POTENTIAL

« Solution: Digital micromirror devices (DMDs)

Image  Light Atoms

Gauthier et al., Optica 3, 1136 (2016)

1. Background



PAST EXPERIMENTS

* Neely ef al., PRL 111, 235301 (2013):

0.15s 0.33s 0.67 s 1.17 s 8.17 s

LI A
Trapping ‘ Simulation
potential?

Kivon et\al., PRA 90, 063627 (2014):
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EXPERIMENTAL GOAL

Time

2. Monash experiment



From DMD __ g
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2. Monash experiment
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arXiv:1801.06952
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GENERATING VORTICES

el
o

2. Monash experiment



—— o~

OUTLINE

Part Il - Experiment

3. Results



20 pum % Vortex location = Projected flow direction E % Dipole pair

A

3. Monash experiment results arXiv:1801.06952



RESULTS: GRID 2
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3. Monash experiment results



RESULTS: ALL GRIDS

1. Classified
fractions

2. Temperature Dark = early times

3. Correlation
function

Light = late times
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3. Monash experiment results



Order from chaos: Observation of large-scale flow from turbulence in a
two-dimensional superfluid

Shaun P.

ort
xplain
f turbul

equilibrium.

arXiv:1801.06952, to appear in Science
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SUMMARY

« Goal: understand + characterise 2D quantum turbulence
« Vortex clusters / negative temperatures

* Theory: now able to measure vortex temperature
« Experiment: observed negative temperature vortex states
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