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Introduction: Background and our strategy

Compressibility: inter-cluster interaction

Shear viscosity: KSS conjecture

Bose-Fermi mixture: hetero-cluster
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Our Strategy to reach universality of our world, going  beyond the 
hierarchy: Cold atom physics (C02)  

Superfluid Fermi atom gas

Tunable pairing interaction (Feshbach resonance)

Various observable quantities

Tunable statistics (Boson and Fermion)

1
0 -"cluster"Satom
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Construction of quantitatively reliable many-body theories
Understanding universal pairing (clustering) properties
BCS-BEC crossover region
Discussions with other “班” in this 新学術領域
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“BCS-BEC Crossover” Phase diagram

weak-coupling
(BCS)

strong-coupling
(BEC)



Pseudogap phenomenon in the BCS-BEC crossover region

Ota, Ohashi et al, PRA (2016)Y. Sagi, et al, PRL 114, 075301
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Next crucial topic in pairing physics: Inter-cluster interaction
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Next crucial topic in pairing physics: Inter-cluster interaction

BCS BEC
pairing interaction

How does the interaction 
between pairs develop in 
the BCS-BEC crossover 
region?
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Unitary 6Li Fermi gas

Experiment (MIT)

Next crucial topic in pairing physics: Inter-cluster interaction

Strong-coupling theory 
ignoring inter-pair interaction
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Next crucial topic in pairing physics: Inter-cluster interaction
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Ku et al., Science 335,563 (2012).

Isothermal compressibility κT may be a promising quantity to clarify 
the inter-cluster (pair) interaction.

Unitary 6Li Fermi gas
∞

Strong-coupling theory 
ignoring inter-pair interaction



Strong-coupling theory involving inter-cluster interaction (SCTMA)
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Strong-coupling theory involving inter-cluster interaction (SCTMA)
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Strong-coupling theory involving inter-cluster interaction (SCTMA)
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This strong-coupling theory is 
sometimes referred to as TMA.



常流動相等温圧縮率(TMA)

Quantitative comparison with experiment (unitarity limit) 
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常流動相等温圧縮率(TMA)

Quantitative comparison with experiment (unitarity limit) 

𝑇𝑇c
6Li

6Li

Free Fermi gas

TMA (×inter-cluster interaction)

SCTMA (〇inter-cluster interaction)

SCTMA can quantitatively explain the compressibility observed 
in a unitary Fermi gas.



常流動相等温圧縮率(TMA)

Calculated compressibility in the crossover region (SCTMA)

BCS

BEC

The inter-cluster interaction makes the compressibility converge 
in the whole BCS-BEC crossover region.
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shear viscosity
entropydensity

=

Kovtan-Son-Starinets (KSS) conjecture (PRL 95 111601 (2005) 

6Li unitary Fermi gas

Quark Gluon Plasma

Superfluid 4He

N2 (room temp.,1atm)



Shear viscosity in the BCS-BEC crossover region

❖ shear viscosity

❖ Stress-tensor operator

❖ perturbation

We evaluate the shear viscosity including the self-energy and vertex 
corrections in a consistent manner, within the framework of SCTMA. 



Shear viscosity in the BCS-BEC crossover region

BCS
BEC



Calculated η/s in the BCS-BEC crossover region

BCS
BEC



Where is minimum η/s ?

KSS bound

E. Elliott et al. Phys. Rev. Lett. 113 020406 (2014)

6Li
The minimal value of η/s is realized 
slightly away from the unitarity (?).
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Bose-Fermi mixture with a Feshbach resonance

Tuning a pairing interaction is also possible in a Bose-Fermi mixture.

C. Ospelkaus PRL 96, 020401 (2006)

BEC
Fermi degeneracy

Cooper pair Hetero pair



Variation of Bose-Fermi mixture 



Strong-coupling theory involving hetero-pairing fluctuations
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Phase diagram
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Fermi single-particle excitations (T>Tc)
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Superconductivity of single-metal elements

Under pressureatomosphere
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Fermi gas superfluids

Only two kinds of Fermi atomic gases exhibit the superfluid transition.

Cn FlNh Mc Lv Ts Og

Magnetic Feshbach resonance



Cn FlNh Mc Lv Ts Og

Fermi gas superfluids

Only two kinds of Fermi atomic gases exhibit the superfluid transition.

Magnetic Feshbach resonance

Orbital Feshbach resonance



Limitation of broad Magnetic Feshbach resonance pairing mehanism

Active electron spin is essentially needed in this pairing mechanism.

… …

alkaline atom rare earth atom
40K, 6Li 173Yb



New resonance in 173Yb Fermi gas: Orbital Feshbach resonance

Active electron spin is essentially needed in this pairing mechanism.

… …

40K, 6Li 173Yb
alkaline atom rare earth atom

Hofer, PRL (2015)



New resonance in 173Yb Fermi gas: Orbital Feshbach resonance

173Yb
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New resonance in 173Yb Fermi gas: Orbital Feshbach resonance

173Yb

1
0S

3
0P

ground state

excited state

e
g

e
e

n
a

n
b

two orbital states two nulear-spin states (I=5/2)

⊗

An external magnetic field B induces νe and νg.

,o ↑

,o ↓,c ↑

,c ↓



173Yb Fermi gas with OFR = “two-band” Fermi system
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Calculated Tc and particle fraction in the closed channel

weak-coupling
BCS

strong-coupling
BEC



Single-particle excitations at Tc in the crossover region
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Non-equilibrium
pairing phenomenon 

Neutron-star 
cooling (PBF)
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