
第8回クラスター階層領域研究会

Osaka Metropolitan UniversityA, NITEPB

Munekazu HorikoshiA, B

Experimental evaluation of the Virial coefficients 
for Unitary Fermi gases

2023年2月9日-11日 大阪大学&オンライン

(C02 group)



pairing fluctuations

loosely bound clusters
composite
bosons

spin-1/2
fermions

compositeness

particleness

simplify

Simplify the Hierarchical Structure of Quantum Systems

Introduction



compositeness

particleness

Introduction



com
positeness

particleness

Introduction



~0.2

~0.4

0

1

𝑘ி𝑎

𝑇/𝑇ி

BCS
(weak coupling)

BEC
(strong coupling)

Superfluid

~1
Unitarity

௖

The phase diagram of spin-1/2 fermions with s-wave interactions 

com
positeness

particleness



~0.2

~0.4

0

1

𝑘ி𝑎

𝑇/𝑇ி

BCS
(weak coupling)

BEC
(strong coupling)

Superfluid

~1
Unitarity

Today’s talk is about Virial coefficients

௖

EOS at high temperature
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Virial coefficients at unitary limit



Experimental setup

𝑇~100nK

Inter-particle distance : 𝑑~100nm

Thermal length : 𝜆~100nm

(-273.1500001℃)

Optical trap
𝑁~10ହ

600K

Laser cooling
𝑇~1mK



~240mm

~2mm

𝑛ത↑,↓ 𝑥, 𝑧 = න 𝑛↑,↓ 𝑥, 𝑦, 𝑧 𝑑𝑦
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Feshbach resonance

𝐵୰ୣୱ

External magnetic field : 𝐵 [Gauss]

Superfluid Normal

Tc

20cm

𝑁ୟ୲୭୫~10ହ~10଺

6Li atoms

Absorption image

Experimental setup

Optical trap
Helmholtz coils

Probe laser

Column density :

(resolution : 2mm)



EOS construction at unitary limit

Column density

Inverse Abel

• Local density : 𝑛(𝑟, 𝑧)

• Trapping potential : 𝑈୲୰ୟ୮(𝑟, 𝑧)

𝑛 𝒓 = 𝑛 𝑇, 𝜇 𝒓

          ≃ 𝑛 𝑇, 𝜇଴ − 𝑈୲୰ୟ୮ 𝒓 = 𝑛 𝑈୲୰ୟ୮

• Local density approximation :
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EOS

Compressibility EOS



Calibration of the trapping potential

The shape of an optical trap potential is 
normally determined by

• laser power
• trapping frequency They have uncertainties

𝑈௧௥௔௣

𝑛

𝑈௧௥௔௣

𝑛
calibration

Optical trap



Benchmark : Ideal Fermi gas

Compressibility EOS



Unitary Fermi gas : 

Compressibility EOS

𝜅
=

𝜅
்

𝜅
଴

𝑃෨ =
𝑃

𝑃଴

High TLow T



Unitary Fermi gas : 
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Radial confinement dependence
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𝑈௧௥௔௣(𝑥)
260Hz

𝑈௧௥௔௣(𝑥)

140Hz

𝑥 𝑥

Discussion : What changes the EOS?

Δ𝐸୦୭ = 12nK
Δ𝐸୦୭ = 6.7nK

Typical Fermi energy : 𝐸୊ = 200nK
Pairing Gap : Δ୮ୟ୧୰~0.5𝐸ி

𝑙୦୭ = 16𝜇m 𝑙୦୭ = 22𝜇m

• Semiclassical condition : 𝐸ி ≫ Δ𝐸୦୭

• LDA available condition : 𝑘ி𝑙௛௢ ≫ 1

𝑘ி𝑙௛௢ = 40 ≫ 1 𝑘ி𝑙௛௢ = 50 ≫ 1

⋮

⋮𝐸୊

Δ𝐸୦୭
= 17 ≫ 1 𝐸୊

Δ𝐸୦୭
= 30 ≫ 1

Δ୮ୟ୧୰

Δ𝐸୦୭
= 8 > 1

Δ୮ୟ୧୰

Δ𝐸୦୭
= 15 > 1



κ T
/κ

T
0

Radial confinement dependence

𝑈௧௥௔௣(𝑥)
260Hz

𝑈௧௥௔௣(𝑥) 140Hz

𝑥 𝑥

Fixed axial confinement : ~7Hz

Variable radial confinement

𝜅
=

𝜅
்

𝜅
଴

𝑃෨ =
𝑃

𝑃଴

High TLow T

Unitary Fermi gas

Potential independent data area



Evaluation of the Virial coefficients
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Evaluation of the Virial coefficients

Red：Linear extrapolation

Black： Quadratic extrapolation

Red：Linear extrapolation

Black： Quadratic extrapolation

preliminary preliminary



Evaluation of the Virial coefficients
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