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Introduction

Simplify the Hierarchical Structure of Quantum Systems

.'E: . Vs
: 3% I
e T . \
S — s & composite =
— T e il bosons
¢ '15{:'-., v — Feshbatﬁ mn]écule
atom | == =
N -, T
"t R j
e R A
ey —Rydbergatom
nw::haauﬁjﬁH T
— '@ 59 8
| Hadronic i@ /
alum_ & — o
hEIdHJI’@ ___condensate . 1o . é
B ’gﬂ % Haauy quarkmq; Splﬂ-1/2
m——— baryon e fermions
Penta_u,uaﬂ{__— ‘«
quark 9g 94 [baryon
e o W W | Semi-
G hierarchies
Conventional

hierarchies

N VNP

Osaka Metropolitan University

compositeness

loosely bound clusters

pairing fluctuations

particleness



Introduction

compositeness

A
4
N
-
{ 1 /7 ‘\
N, 4 | 1
\ /
-~
-~
4 \
l "//'
T~

s
el
TARS

b

<=

v

particleness

N VNP

Osaka Metropolitan University



Introduction ABBIAS

ssaus|onJed
A
v
ssaualisodwoo



The phase diagram of spin-1/2 fermions with s-wave interactions
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Today’s talk is about Virial coefficients kB T

EOS at high temperature
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Virial EOS and few-body physics

ideal Fermi gas + interaction effects [
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Virial coefficients at unitary limit
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Ab, Ref i ¢ :
EXp 1 E. Beth and G. E. Uhlenbeck, Physica 4, 915 (1937) 1| e
NG ] v )
2 ? AR Lk
1 V8 pid s
Ab3 = EAbl’l Ref t ;0?/@
Theo | -0.3551030264521 Endo, PRA 92 053624(2015) and Castin, Sci. Post 3 049 (2020) /02’ Superfluid
Theo | -0.35510298 Liu, Hu, Drummond, PRA 82, 023619 (2010)
Exp |-0.35(2) @ENS S. Nascimbene, Nature 463.7284, 1057-1060 (2010) 3p“ng) Unitoarity ! (SmngBE
Ab,
1 Ab Ab Ref
== Ab3’1 + EAbZ,Z 3,1 2,2
Theo | 0.062(1) 0.1838(4) |-0.244(2) | Endo, Castin, J. Phys. A 49, 265301 (2016)
Theo | 0.078/(18) 0.170(12) | -0.184(26) | Yan, Blume, PRL 116, 230401 (2016)
EXp 0.090(15) @ENS _ _ S. Nascimbéne, Nature 463.7284, 1057-1060 (2010)
Exp |0.656(16) @MIT ) ) Mark J. H. Ku, Science 335.6068, 563-567 (2012)




Experimental setup

Laser cooling
T~1mK

Optical trap N~10°

73.1500001°C)

(cle distance : d~100nm

: A~100nm
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EOS construction at unitary limit

ARLIAT
Column density 1 dn
Kr = )
N n* dUirap
Inverse Abel .
‘ ’ Compressibility EOS
> U
* Local density : n(r, z) i (~ K )
R =
n \ Ko (1)
N
‘
S ) o
* Trapping potential : Ugrap (T, 2) > Utrap B P
T Py(n)
Utrap \S J
e Local density approximation : P = —j n(Utrap ) dU¢rap
A too
n(r) = n(T,u())

~n (T, Uo — Utrap(r)) = n(Utrap) j




Calibration of the trapping potential

The shape of an optical trap potential is
normally determined by

* laser power

. They have uncertainties
e trapping frequency

Radial trap potential : Vr=V3 —exp(-2r%/w?)]
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Benchmark : |deal Fermi gas B T
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Compressibility EOS
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Unitary Fermigas:a 1 =0 Ta KRATAY
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Compressibility EOS
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Compressibility EOS
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Radial confinement dependence

Fixed axial confinement : ~7Hz

/

Variable radial confinement
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Radial confinement dependence

Fixed axial confinement : ~7Hz

/

Variable radial confinement

Utrap (x)
260Hz
Utrap () 140Hz
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Radial confinement dependence

Fixed axial confinement : ~7Hz
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Variable radial confinement
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Radial confinement dependence

Fixed axial confinement : ~7Hz

/
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Variable radial confinement

Utrap (x )
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Discussion : What changes the EOS?

« Semiclassical condition : Ex > AEy,
« LDA available condition : kgl, > 1

Typical Fermi energy : Er = 200nK
Pairing Gap : Apair~0.5EF

260Hz
Utrap () 140Hz
Utrap(x)
EF 17951 AB, = 120K !
_ =
AEp, ° $ AE,, = 6.7nK
> X > X
<> <>

Bpair _ 8>1 lho = 16pum lho = 22pum
AEp,

kFlhO == 4‘0 > 1 kFlhO == 50 > 1

AEy,

pair
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=30>1

=15>1



Radial confinement dependence

Fixed axial confinement : ~7Hz
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Evaluation of the Virial coefficients
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Evaluation of the Virial coefficients e KIRATAS
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Theo -0.3551030264521 Endo, PRA 92 053624(2015) and Castin, Sci. Post 3 049 (2020)
Theo -0.35510298 Liu, Hu, Drummond, PRA 82, 023619 (2010)
Exp -0.35(2) @ENS S. Nascimbene, Nature 463.7284, 1057-1060 (2010)
This work | -0.356(4)

1
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Theo 0.062(1) 0.1838(4) |-0.244(2) Endo, Castin, J. Phys. A 49, 265301 (2016)
Theo 0.078(18) 0.170(12) |-0.184(26) | Yan, Blume, PRL 116, 230401 (2016)
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