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Background : Understanding fundamental physics
underlying various quantum systems
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Background : Understanding fundamental physics
underlying various quantum systems
Cluster science : Evolution from Few-body to Many-body

Van der Waals force Covalent bond Metallic bond

Mass spectrum of Xe clusters Mass spectrum of C clusters .
Mass spectrum of Na clusters Orbits
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[ W.D.Knight, Phys.Rev.Lett. 52, 2141 (1984) ]

Van der Waals force
Bound state of cold atoms [J. Chem. Phys. 81, 3322 (1984) ]

Nuclear force
Binding energy of nucleon
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Clusters in the phase diagram
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Background : Understanding fundamental physics

underlying various quantum systems
Bose-Einstein condensation (BEC)

Superconductor Liquid Helium Neutron star
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Phase diagram

Quark system
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Phase diagram

Cold atom system

Spin-1/2 Fermi system Impurities in a condensate spin-1/2
Fermi system
T/Tr
A
0.8-". -------- R -..|:\....< Vi
Fermi gas i l 2 S | 10
j !i O.6j ‘ ‘ 0;8 -
‘i l Thermal molecular ¢ Sl — f 06
b ‘: \ 0.4
Molecular BEC 0.2 oy .
"\1 lj u 1 o.o-'6"‘7""-4'{7'-"-'72"5" — -0
BCS superfluid kpa s - =
> Sl
BCS limit  Unitarity limit  BEC limit Yusuke Nishida, PRL 114, 115302 (2015)
(weak coupling) (strong coupling)

BCS-BEC crossover



EET 50D EHE ) YR

solk o ino ~ —
PRL 118, 202501 (2017) PHYSICAL REVIEW LETTERS AT o T+

gﬁ A

Nuclear Physics Around the Unitarity Limit

Sebastian Konig,"*" Harald W. GrieBhammer,"" H.-W. Hammer,”** and U. van Kolck™**
'I)epurlmenl of Physics, The Ohio State University, Columbus, Ohio 43210, USA
2 . pos . ey . . > se ~
“Institut fiir Kernphysik, Technische Universitit Darmstadt, 64289 Darmstadt, Germany

SExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany FEE{IE
Ynstitute Jor Nuclear Studies, Department of Physics, George Washington University, Washington, D.C. 20052, USA
SInstitut de Physique Nucléaire, CNRS-IN2P3, Université Paris-Sud, Université Paris-Saclay, 91406 Orsay, France J
®Department of Physics, University of Arizona, Tucson, Arizona 85721, USA
(Received 18 July 2016; revised manuscript received 10 February 2017; published 15 May 2017) | pP———V0——-cF -

We argue that many features of the structure of nuclei emerge from a strictly perturbative expansion
around the unitarity limit, where the two-nucleon § waves have bound states at zero energy. In this limit, the ;E%@llﬁ
gross features of states in the nuclear chart are correlated to only one dimensionful parameter, which is I
related to the breaking of scale invariance to a discrete scaling symmetry and set by the triton binding
energy. Observables are moved to their physical values by small perturbative corrections, much like in
descriptions of the fine structure of atomic spectra. We provide evidence in favor of the conjecture that
light, and possibly heavier, nuclei are bound weakly enough to be insensitive to the details of the
interactions but strongly enough to be insensitive to the exact size of the two-nucleon system.
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Background : Low energy scattering and loosely-bound
state around the zero energy

Shape resonance
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Background : Low energy scattering and loosely-bound
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Histrical success examples

* |n 1953, a nuclear theorist, H. Feshbach, studied control of scattering length

— In 1998, the Feshbach resonance was demonstrated in cold atom experiment

* In 1970, a nuclear theorist, V. Efimov, predicted 3-body bound state in
the condition of a < 0

— In 2006, the Efimov trimer was confirmed in cold atom experiment

* |n 1999, a nuclear theorist, G. F. Bertsch, posed the problem
“How does a system of Fermi particles with infinite s-wave scattering
length but vanishing interaction range behave?”

— Since 2004, the unitary regime has been one of the hot topics
in cold atom experiment




Background : Quantum systems at ultralow temperature

Various particle systems Similar quantum systems
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Cold atoms

Momentum distribution
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6Li atom

Internal degree of freedom of the atom

Lifetime of the states >> Experimental time (~30s)
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Length scales of our cold atomic system

1 r2uc1/4 Rvdw
Van der Waals length : R, 4., = E( :2 6) = 1.7nm
A,

Thermal length : A1 = \/#fleOnm@luK ‘4/\/\/»“'
B

k—l
Mean distance : n= /3 ~kz1~100nm l < \l/

Potential size : L~10um L



Length scales

Locally homogeneous
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Short-range potential

interaction is basically s-wave
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Shape resonance
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sIREELRDZEIE : Shape resonance
ASFTIRILE—EREKE D HIBEEL
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Two-body bound state determined by S-wave scattering length

Two particles can realize loosely bound state in vacuum fora > 0

1 exn(—g)
21a r

Wave function of the bound state: Yp(r = |1 —13]) =

% a
Radius: () = f Anr?r|Y, () |? dr = >
0

hZ
2m,.a?

Binding energy : Ey(a) = —

mimy

Reduced mass: My = ————
ml + mz



Measurment of binding energy

Transition rate to |3>

Rf spectroscopy
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a > 0 is repulsive or attractive ?

Repulsive core

Attractive well
I
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e Grand canonical Hamiltonian:
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Many-body Hamiltonian and thermodynamics

) ) ) Interaction
Grand canonical Hamiltonian :
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Few-body physics and Virial coefficients

- .
Grand partition function: Z.(V,T,u,a™1) = Z Zy(V,T, N,a—l)eNkBT

N=0
e : u " u
Partition function =1+ Z,eFaT + Zzez"lTT n de3quT 4.
=y o (-] :
N — S —L
= kT High temperature region : z = e*BT K 1

Thermodynamic potential : Q(V,T,u,a™ 1) - —kgTZ,(z + Byz? + B3z3 + - B,z")

Virial coefficients: B, = (Z, — Z%/2)/Z,
By = (Z3 — 2,7, — Z13/3)/Z1

, , p u o Ar(T)
Universal equation of state: — = f, )
Pideal(//‘) kgT a

B Ar(T o A7 (T B
—>e’<BT+Bz< 1t )>e2’<BT+Bg< 1t )>e3’<BT+-~-
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Universal equation of state at high temperature :

P M A+ (T M A (T M A (T
Pk (a )>62w+33( TCE )>63k3T+B4( TCE )

Pigeal (u) - a

1-particle 2-particle 3-particle 4-particle




2" and 3" Virial coefficients

2"d Vijrial coefficients 3rd Virial coefficients

B,(8)

-2 =1 0 1
B=A/a

2 -2 —11 0
B=A/a
N. Sakumichi,

X. Leyronas,
Phys. Rev. A 89, 033622 (2014)

Phys. Rev. A 84, 053633 (2011)
['Virial expansion with Feynman diagrams |



Many-body Hamiltonian and thermodynamics

: : o) h?
* Thermodynamic relation : = — J C(r)dr
da~1 - 4m

* Contactdensity: C(r) = <(g(a)¢;r(r)¢f(r)) (g(a)‘?l(r)ff%(r)»

For homogeneous system <j C(r)dr - CV)

hZ
* Gibbs-Duhem equation: dP = sdT + ndu + ( C) da=1
4tm

F=un—P .'-P=P(T,u,a_1)

hZ
* Total differential of free energy density : dF = —sdT + ndu — <4nm C> da=1

~F=FT,nal)



Phase diagram for Spin-1/2 fermions

@ s-wave contact interaction
< }[int(Uint(rT _rl)) - }[int(i)
* Tunable by Feshbach resonance
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