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Our mission

Simulation of neutron matter using cold Fermi gas

bcc crystal lattice of nuclei Dripped neutrons from nuclei
\ Inner Crust / Mantle
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Neutron star

inner crust region [Newton, et al., arXiv:1112.2018]



Cold atom system

Two-component Fermi gas

Laser cooling
(magneto-optical trap)

Optical dipole trap

N~10%

T~100nK .

e Approximately homogeneous system

* Dilute two-components Fermi systems

* Tunable interactions by Feshbach resonances
e Universal many-body system

* Precise measurements



Cold atom vs. Neutron matter

—oo~oo(Feshbach resonance) —18.5 + 0.3fm
4.7nm 2.75 + 0.11fm
v v
—oo(BEC limit)~ + oo(BCS limit) 0.28~0.04
Optical lattice, lon crystal Nuclei crystal




Universal many-body Fermi system

Why can we simulate neutron matter using cold atoms ?

Because both systems belong to the universal system !

Basic concept

U(r)
Parameterization of Two-body s-wave phase shifts
scattering No details of the particle
1 1 > a
kcotd, = ——+ =1.k* + O(k*)
a 2
4\
Ultralow temperature
> Diluteness
0 Two-body elastic collision
The potential shape depends on Scattering length

details of the particle
Effective range



Simulation of neutron matter using cold atoms

Cold atom

Internal energy :

E (T 1 I
EF TF’ kFa' Fle

Inner crust

Inner Crust Mantle
1

1
~4x10" g cm? ~0.8x10%g cm? =0.8-1.8x 10**g cm3
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Our goal

Cold atoms

Measurements

Inner crust of neutron stars

EOS

Cooling curve

——

Universal equation of state
Internal energy

Specific heat

Critical temperature
s,p-wave superfluid
Superfluid gap

Superfluid density

Benchmark for theories

1

€ Correction of the effective range
€ Lattice of neutron-rich nuclei

€ Protons

Theories




Cold Atom Lab at University of Tokyo

s-wave interaction, °Li-’Li (Fermi-Bose) mixture

Push beams

solution=1pm

......

----------
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Present status

20 Simultaneous MOT
of 6Li and 7Li Compression-MOT -
Ngpi~No;~108 N i~Noy;~108 Optical dipole trap
6
T~1mK T"VZOOMK N6Li~10
Next T~200uK
preparation of two-component Last week!
Fermi gas

Simultaneous optical dipole —— Evaporative cooling —> Degenerate Fermi gas

trap of 6Li and 7Li /1

High-resolution imaging system



BCS-BEC crossover in 2-conponent Fermi systems

Dilute limit : kg1 = 0

T/T
/TF Inner crust

‘ ‘ Fermi Ilqwd

Grand potentlal (EOS) :0=P(T,p,a )V

0o | ©

Unit
Bertsch parameter : E nrary — ggldeal *

>




Our method to determine the EOS

EOS for dilute Fermi gases : P(T, u, Cl_l)

But, cold atoms are trapped in a harmonic trap
The gas has inhomogeneous density distribution

Position dependent EOS : P(1) = .(l(T, u(r), a(B)‘l)/V

@ Local pressure P(r) : density distribution is pressure distribution
= Resolution of imaging determine precision of the EOS

[ Tin-Lun Ho. Nature Physics 6, 131 (2010) ]

¢ Temperature T : mixing 7Li for thermometry into 6Li
[S. Nascimbene, et al., Nature 463, 1057 (2010) ]
@ Local chemical potential u(r) : LDA =u(r) = u(0) — Utrap (1)

Thermodynamic relation for harmonically trapped system :
5
Ere1 =TS + u(0)N — ngot




EOS of unitary Fermi gases

EOS via ENS’s route : P(u, T, a1=0) Internal energy

— This work

2@ ENS data
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Determination of EOS for neutron matter

Energy : E = f(p, (nn: Ny, Ny, ))

Neutron matter

»

p : density
Cold Fermi atoms : ) Neutron matter :
E/(T 1 Correction E/T 1 ) gleutron stars :
T\’ 1 » |\ —l> = ,
Ee\Tr kga Ex\Tz' kgpa Fle f(p,(ny))

30T - { ((=0.127(4) @ |oo| =0,T = 0)

[ Forbes, et al., arXiv:1205.4815 ]
[ Werner and Castin, Phys. Rev. A 86, 013626 (2012) ]



Superfluid phase transition

Emergence of cooper-pair with
zero center-of-mass momentum

[M.Greiner et al., Nature 426, 537]

ASTA

T/Tg
A
7Li thermometry He e
> \
Crosgover?
-1
[ S1/ksa

Cy/NKg

Lambda transition of heart capacity
Imaging resolution is 1.4pm

[Mark J. H. Ku, et al., 335, 563 (2012)
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Challenging issue

Universality class over the crossover

Critical exponent for correlation length :

—V
£ o |T T

= 0.67 for 3D-XY model)

Critical exponent for heat capacity :
a
| (@ = —0.013 for 3D-XY model)

a=2—3v

CVoc|




Universal many-body function, Tan’s contact

In 2005, Shina Tan suggested that, the tail of momentum distribution
[Shina Tan, cond-mat/0508320] for the universal 2-component Fermi system become

Tan’s Contact
C(x,0)
L4

nTorl(kF; Ial_l,A}l < k< R;dlw) =

~C/K

Physics 3, 48 (2010) : K Fourier transform

C = 47TkFNh(X, 9)
The origin is two-particle density matrix at short range :

|Boair (| = @I GDW! @D, @) )

1 ( ) 2 X = _i 0 — 1
a,kg " >Tr=|ri—12|2Ryvdw r ~ kpa’ T

F 1712 d) 47TkFN-h(X,9)'|¢ ’ Fa1 1TF
4m ¢(r) =—-—~

Universal many-body function



Universal many-body function, Tan’s contact

Recent measurement from JILA Some Tan’s relation
at unitarity limit (|a| = o)

e Adiabatic relation : g—i o= 2epNh(x,0) > 0

Al ]
I S e P-Erelation : PV = 2(E — Nepxh(x, 0
R : LI i'i’--{'-i;-.--._.f ; -E relation : —5( — Nepxh(x,0) )
% 2| o D ST 7. 0
O |5 3 }ﬁ ' 1]
) R 2 P li-.{___"'"l————_J: . A
————— al 3 1 1
ol Z-l:: T. 93 04 08 12 18 20 24
0.0 0.2 o 0.4 06 BEC BCS

[ Yoav Sagi, et al., arXiv:1208.2067 ]

Peak at the critical temperature? 5
Contact has some critical exponent? >

Verification of experimental result



Periodic potential

Dripped neutrons are moving in Tunable periodic potential by
periodic potential by nuclei crystal standing wave of laser beams

Challenging issue

Outer Crust

s ; - |8 -
I(— 100-1200 m —’L— 25-250 m—)L— 5-30m —J
I - Pure neutron (super)fluid
L

I  ~<utron + proton fluid Pasta

e [ G, \Watanabe, et al., Phys. Rev. Lett. 107, 270404 (2011) ]

- Cold atom Neutron matter
Interparticle distance: ~kj!

100nm 6~3fm
Periodic potential : d 500nm 15~50fm ?

Lattice potential Optical lattice Nuclei crystal




Induced interaction : effects of Protons

Cold atom Neutron rich matter

6Li-6Li -7Li
6LiP-6Li -6Li-> nt-nd-pt
e Fem!-Bose : Fermi-Fermi
Fermi-Fermi

Scattering length:a,,, |oo | (unitarity limit) —18.5 + 0.3fm

Scattering length: a 2nm (Femi-Bose) 5.423fm (triplet)
S —174nm(1-->), —851nm(4,-->)  —23.749fm (singlet)

Interparticle distance: ~ky! 100nm 6~3fm




Tuning of effective range

_ Cold atom Neutron matter
Effective range: krr, 0.05 > 0.53~3.3

Feshbach resonance Challenging issue

Manipulation of Feshbach resonances
by rf field or dc-electric field

[B.Marcelis, et al., Phys. Rev. Lett. 100, 153201 (2008)]
[T.Hanna, et al., New J. Phys. 12 083031 (2010)]

rf g
6(B) Closed-channel g

V(r) Effective range : 7, < AB~1
A

Tuned by a magnetic field

Open-channel 4{3




Cold Atom Lab at University of Electro-Communications

p-wave interaction, ®Li-*°Ca* (Fermi-lon) mixture
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Crystalized cold ions



p-wave superfluidity in neutron stars

Missions : EOS of many-body Fermi system with p-wave interactions
Realization of p-wave superfluid

Cold 6Li atom with p-wave

Superfluid phase diagram in neutron stars
P P 8 Feshbach resonance

[~
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[T. Takatsuka and R. Tamagaki, Progress of [Y.Inada, et al., Phys. Rev. Lett. 101,

Theoretical Physics Supplement 112, 27 (1993) ] 100401 (2008)]



What is p-wave scattering parameters ?

By knowing parameters of s-wave Feshbach resonances, studies of many-body
physics using s-wave interactions have progressed dramatically

s—wave Interaction : CIR
] . 1 AB ) |
FEB =T +1rk 2 — ik %(B) = ang ' "B -8B S
S(B) ¢ /r
Today, no one knows parameters of p-wave Feshbach resonances B
p—wave interaction : I -
oLz -
1 AB i
fo(k,B) = V,(B) =V, —— | = ?
1 1 2 . g B — B |
— + k2 —ik3 res o
,(B) 21 _

First of all, we must determine them B




Determination of p-wave scattering parameters

Method : measurement of thermalization rate
Momentum(temperature) space

Heating along

y direction thermalization

Magnetic field is set to inside the p-wave Feshbach resonance

1.07

1060 » Exponential decay with a thermalization rate of T
o /‘
= 1.04 Em : - Collisional cross section 2.7T
% 1.03 %&A@ : averaged over the trap : G(Tl' B) = v

1.01

510 15 20 25 g, Elasticcollision cross o = ar|f, (k)|
Hold time [s] section :



Preliminary data

2
Elastic collision cross section : 0 = 47T|fp (k, Vp(B).re)|

Thermal averaging under the assumption
of Maxwell-Boltzman distribution

Experimental data

(o(T,V,(B).7,)) = (kBT)_ZJOo47t|fp(E,Vp(B).re)|2Ee_E/"BT dE | «<—> o(T,B)
0
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3 3
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5 10 [ 5 10
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Summary

Cold atoms

Measurements

Inner crust of neutron stars

EOS

Cooling curve

——

Universal equation of state
Internal energy

Specific heat

Critical temperature
s,p-wave superfluid
Superfluid gap

Superfluid density

Benchmark for theories

1

€ Correction of the effective range
€ Lattice of neutron-rich nuclei

€ Protons

Theories




