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UQ EXPERIMENT

• From Ashton Bradley’s talk 
last week:

arXiv:1801.06951, to appear 
in Science 
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1. Background

2D QUANTUM TURBULENCE

= vortices

= antivortices

= dipole 

moment

For movie, see Supplement of:

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



?

WHY 2D?

Time

1. Background

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

• Vortex temperature (Onsager, 1949):

• Not the temperature of the BEC!

2. Vortex thermodynamics



NEGATIVE TEMPERATURES

• Roll two dice

• Sum = energy

𝑇: 0K +∞K −∞K −0K

𝛽: +∞ 0 −∞

2. Vortex thermodynamics



𝛽: +∞ 0 −∞

Energy (per vortex)

Simula et al., PRL 113, 165302 (2014)2. Vortex thermodynamics



WHY IS T NEGATIVE?

• Hamiltonian system:

𝐻 𝑥𝑗 , 𝑦𝑗 ∼

𝑖𝑗

Γ𝑖Γ𝑗log(|𝐫𝑖 − 𝐫𝑗|)

d𝑥𝑗

d𝑡
∝
𝜕𝐻

𝜕𝑦𝑗
,

d𝑦𝑗

d𝑡
∝
𝜕𝐻

𝜕𝑥𝑗

• Phase space = real space

• Bounded space → 𝛽 < 0 possible

2. Vortex thermodynamics

𝛽: +∞ 0 −∞

Time

Energy (per vortex)

“Evaporative heating”:

Coldest vortices annihilate, 
remaining vortices hotter on 

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



• Split vortices into three groups:

i. Clusters:

ii. Dipoles:

iii. Free vortices:

HOW TO MEASURE T?

Before After

2. Vortex thermodynamics
Valani et al., NJP 20, 053038 (2018)



HOW TO MEASURE T?

Vortex thermometers

2. Clusters

1. Dipoles

3. Free

vortices

100%
clusters

100%
dipoles

2. Vortex thermodynamics

Vortex classification

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



Time

APPLYING THE THERMOMETER

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

APPLYING THE THERMOMETER

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

• Neely et al., PRL 111, 235301 (2013):

• Kwon et al., PRA 90, 063627 (2014):

1. Background

Simulation

Experiment

Vortex signs?

Trapping

potential?



1. SIGN DETECTION

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



1. SIGN DETECTION

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



2. TRAPPING POTENTIAL

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



2. TRAPPING POTENTIAL

• Solution: Digital micromirror devices (DMDs)

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

Image     Light        Atoms



PAST EXPERIMENTS

• Neely et al., PRL 111, 235301 (2013):

• Kwon et al., PRA 90, 063627 (2014):

1. Background

Simulation

Experiment

Vortex signs?

Trapping

potential?

✔
✔
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Time

EXPERIMENTAL GOAL

2. Monash experiment

Can we observe negative 

temperature vortex states in an 

experiment?

?



EXPERIMENTAL 
CONFIGURATION

2. Monash experiment arXiv:1801.06952



GENERATING VORTICES

2. Monash experiment
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RESULTS: IMAGES

3. Monash experiment results arXiv:1801.06952



RESULTS: GRID 2

3. Monash experiment results

1. Classified

fractions

2. Temperature

3. Correlation 

function

4. Energy per 

vortex

Vortex number

*Averaged over 
~20 runs

“Early”

“Late”



RESULTS: ALL GRIDS

3. Monash experiment results

Dark = early times

Light = late times

1. Classified

fractions

2. Temperature

3. Correlation 

function

4. Energy per 

vortex



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

Kris Helmerson’s lab Tapio Simula
Matthew Davis David Paganin


