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@ Introduction: Background and our strategy ' [1 M\\ mm e,

@ Four on-going topics
= Compressibility: inter-cluster interaction

= Shear viscosity: KSS conjecture
= Bose-Fermi mixture: hetero-cluster
= OFR: non-(°Li, 9°K) superfluid Fermi atomic gas

@ Summary




Hierarchical structure of Matter in our Universe
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Superfluid: A possible approach to our Hierarchical world
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Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)

atom 'S, -"cluster"

Superfluid Fermi atom gas

@ Tunable pairing interaction (Feshbach resonance)
@ Various observable quantities

@ Tunable statistics (Boson and Fermion)



Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)
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Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)

@ Construction of quantitatively reliable many-body theories

@ Understanding universal pairing (clustering) properties
BCS-BEC crossover region

@ Discussions with other “¥f” in this Fi=EfiT a1k
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Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)

KSS conjecture Hetero-cluster

h
g - Arkp @

Bose-Fermi mixture

Shear Viscosity

Compressibility Orbital Feshbach

Qv T

Inter-cluster interaction Proposed '3Yb Fermi superfluid




Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)

KSS conjecture Hetero-cluster

h
g - Arkp @

Bose-Fermi mixture

Shear Viscosity

Compressibility Orbital Feshbach

Qv T

Inter-cluster interaction Proposed '3Yb Fermi superfluid




“BCS-BEC Crossover” Phase diagram
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Pseudogap phenomenon in the BCS-BEC crossover region

p()(mkg/(2n%))

Normal-state density of states Photoemission spectrum
T=T:A=0! —{ Experiment (*°K) theory

15L (keag)'=-08 ‘ ' A H’r "m°
-0.6 o
o3 BCS . Ky l
0.01 =55 2 ) 107"
0.2 % Vo a4

1 06 |
TheOl‘y BEC ‘} QQ
05 2 4 A
g 107°
0_2 : ¥ 0 1 5 2 0.5 k(lkl 15 2 10
wleg Y. Sagi, el IF Lett. 114, 075301 16
Y. Sagi, et al, PRL 114, 075301 Ota, Ohashi et al, PRA (2016)
peudogap
@
O -
c. 0 %o
® ~ '
e 0 > R
>

pairing interaction




Next crucial topic in pairing physics: Inter-cluster interaction
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Next crucial topic in pairing physics: Inter-cluster interaction

pairing interaction
BCS > BEC

How does the interaction
between pairs develop 1in
the BCS-BEC crossover Petrov, PRL (2004)
region?
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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

Isothermal compressibility k. may be a promising quantity to clarify
the inter-cluster (pair) interaction.
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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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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 1s

sometimes referred to as TMA.



Quantitative comparison with experiment (unitarity limit)
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Quantitative comparison with experiment (unitarity limit)
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SCTMA can quantitatively explain the compressibility observed
in a unitary Fermi gas.



Calculated compressibility in the crossover region (SCTMA)
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The inter-cluster interaction makes the compressibility converge
in the whole BCS-BEC crossover region.



Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)
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Kovtan-Son-Starinets (KSS) conjecture (PRL 95 111601 (2005)

shear viscosity 7] ~ h

entropy density
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C. Cao, et al, Science 331 58 (2011)

@ Quark Gluon Plasma

(1/8)min ~ 2h/4Tkp
@ Superfluid “He

(1/8)min ~ Sh/4mkp

@ N, (room temp.,latm)

(n/s) ~ 3.3 x 10°h/4rkp



Shear viscosity in the BCS-BEC crossover region

@ perturbation <

- L% / Brll
iw Oy i

@ Stress-tensor operator
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@ shear viscosity
. ImZE(w)
n = — lim
w—0 W

M

=(w) = —1 / drdteto(t) (II*Y (v, t), 11%Y(0,0)])

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
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Calculated n/s in the BCS-BEC crossover region
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Where is minimum /s ?
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The minimal value of 1/s is realized
slightly away from the unitarity (?).
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Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)
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Bose-Fermi mixture with a Feshbach resonance

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

Fermi—Bose mixture T/Ty Ny Ny wy/en,  |Relerence| Year Institution
“Li-"Li 0.25 1.4 > 10° 2.2 % 107 .0 [21] 20011 Rice University
fLi—"Li 0.2+01 4 = 10° 1 1.08 [22 2001 ENS, Paris
WK -*Rb 0.30 104 2w 104 |.47 [26] 2002 LENS, Florence
“Li—**Na 0,050 3w 107 6 10° 1.94 [90] 2003 MIT
WK - FRb 0.20 10t 2.5 % 107 .47 [92] 2004 JILA, Boulder
WK ¥ Rb 0.32 6 x 107 4 % 107 1.47 [95] 2005 ETH. Zurich
He—*He 0.45 10" 10® 1.15 [108] 2006 Free University of Amsterdam
W " Rb 0.1 9 % 107 BDL 1.47 [93] 2006 Institiit fiir Laserphysik, Hamburg
WK -"Rhb 0.9 2% 0% BDL 1.47 [96] 2007 University of Toronto
“Li-%"Rb 0.90 1.4 % 10° 4 = [0° 2.5 [102] 2008 University of Tiibingen
Ty h-1Myh 0.3 1oyt 3w 10 1.00 [115] | 2009 Kyoto University
SLi-1MYh 008001 | 25 10¢ | 1.5 % 10¢ 3.90 [118] 2011 Kyoto University
*Li—'"MYh 0.3 12108 | 2.3 % 107 8.20 [119] | 2011 University of Washington, Seattle
WK -*"Rb 0.3 2.0 = 10% 107 1.47 [9E] 2011 Shanxi University
S Na - 4K 0.35 3.0 10° 1g® — [124] 2012 MIT
#MSr—48r 0.30£0.05 | 2.0 = 107 1° .98 [117] 2012 Universitil Innsbruck
°Li-"Li 0.03 25 10° | 2.5 = 108 1,08 [88] 2015 ENS, Paris
FRb-"Yh 0.16£0.02 | 24 10° | 3.5x 1P 2.00 [123) | 2015 University of Maryland-NIST
SLi-¥K 0.07 1.5 10% | 1.8 % 109 2.23 [125] 2016 USTC Hefei and Shanghai




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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Our Strategy to reach universality of our world, going beyond the
hierarchy: Cold atom physics (C02)
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Superconductivity of single-metal elements
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Fermi gas superfluids

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

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




Limitation of broad Magnetic Feshbach resonance pairing mehanism

Active electron spin is essentially needed in this pairing mechanism.
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New resonance in '>Yb Fermi gas: Orbital Feshbach resonance

Active electron spin is essentially needed in this pairing mechanism.
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New resonance in '>Yb Fermi gas: Orbital Feshbach resonance
two orbital states two nulear-spin states (I=5/2)
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New resonance in '>Yb Fermi gas: Orbital Feshbach resonance

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

1
ground state SO ‘g >e ® a>n

: 3
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open channel

An external magnetic field B induces v, and v,



173¥b Fermi gas with OFR = “two-band” Fermi system
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Calculated Tc and particle fraction in the closed channel
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Single-particle excitations at Tc in the crossover region

A (p,w) = —%Im[Ga (p,iw, > 0+i5)]
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