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Symmetric nuclear matter @ ρ0 

"Basic" system of nuclear phys. is complicated!

Nuclear matter at

(mass density: 3×1014 g cm-3)

・ 4 spin-isospin DOFs

・ Self bound  (clustering at ρ < ρ0)

・ 3-body force

nuclear matter: mixture of p & n with complicated int.
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Low density neutron matter

Neutron matter at low densities

・ Only 2 spin-isospin DOFs

・ Non-self bound

・ Pauli principle        3-body force suppressed.

Simpler system

Pandharipande, Pethick, etc.
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Current status

Recent progress
・ Theory

- Improved many-body calc.
QMC calc. for neutron matter & cold gases

- Constraints on EOS

・ Experiment

- Realization of unitary Fermi gases

・ Observation
- Discovery of 1.97Msolar NS

[Demorest et al. Nature 467, 1081 (2010)]
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Two ways to neutron star matter

[Pethick & Ravenhall (1995)]

proton fraction
x
0

0.5
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Neutron matter in NS crustsNeutron matter in NS crusts

New Scientist



  

Structure of neutron stars

Solid state 
of n-rich 
heavy nuclei

(Prof. Iida's talk on Saturday)

Neutronization:   pN + e- → nN + νe
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Structure of neutron star matter

 n-rich nucleus

dripped
neutrons

Oyamatsu (1993)

proton density

neutron density

(gas phase)
high density

low density

Negele & Vautherin, NPA 207, 298 (1973)



  

     Neutrino Trapping

YL=(‹ne›+‹nν›)/‹nb› ~0.3 is conserved

neutrino sphere

Fe

High density:    dynamical time scale of the core <  diffusion time scale of ν’s

ν’s are trapped

supernova matter (SNM)

cannot escape

supernova matter (SNM)      x ~ 0.3
neutron star matter (NSM)   x < 0.1

x : proton fraction

Central density increases up to ~ ρ0 

But, no dripped neutrons.

Matter in supernova inner cores



  

Neutron star matter & supernova matter

Neutronization is 
suppressed

by trapped ν’s.

WS cells

(before bounce, low T)
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Importance of NS crusts
Neutron star crust

Thickness:  ~ 1 km

Total mass: ~ O(0.01) Msolar 

(cf. radius of NS: ~10km)

(cf. mass of NS: ~1.4Msolar)

Negligible? ― Depending on phenomena.

Outer parts have direct consequences of observations.

・ NS cooling
Neutron superfluidity in crusts matters.

・ Torsional oscillations of crusts
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Uncertainty of neutron matter

Symbols: microscopic calc.
with realistic nucl. int.

Solid lines: phenom. models
Skyrme HF, RMF, etc.

[Pethick & Ravenhall (1995)]

Energy/particle of n-matter



16

BCS-BEC crossover BCS-BEC crossover 
& & 

unitary Fermi gasesunitary Fermi gases

Alkali Quantum Gases @ MIT
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Unique features of cold atom gases

・・Controllability & FlexibilityControllability & Flexibility
Manipulate system parameters

Density
Strength & signsign of the interaction
 etc.

Feshbach res.
Gas phase: low bulk energy

・・Observability & MeasurabilityObservability & Measurability

Microscopic scales are large
“Seeing is believing”
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Two directions of research

1. Analogical study
Analogical model of NS matter using cold atoms

Finding new aspects

e.g.  Maeda et al. PRL 103, 085301 (2009); arXiv:1205.1086.

2. Quantitative study
Based on universality of the systems

Attack uncertainties of nuclear systems

(main focus of this talk)
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Ultracold and ultradilute
Cold atom gases are ultracold and ultradilute

I

rs ~ kF
-1 ~ 100nm

Density  n ~ 10^12 – 10^15 cm-3

“UltradiluteUltradilute”:  (particle separation) >> (range of atomic pot.)
RvdW ~10 a0 

(N~10^6, R~10-100 μm)

“UltracoldUltracold”:  (thermal de Broglie)     (particle separation)

Coldness & diluteness
Atom-atom int.:  Low-energy & two-body scattering

All we need is s-wave scattering length as.
Typically,  as ~ 100 a0,  but tunable.
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Feshbach resonances
Interaction is determined only by scattering length.

as :  tunable by magnetic field
zero energy scattering wave func.:

> 0

< 0
as   = ± ∞(energy of bound st.)   =   (threshold energy)

<

>
Energy

Bound st.

Interatomic distance

Scattering length
Energy

Bound 
state

Magnetic field

a>0 a<0
Δμ B

closed channel

open channel
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BCS-BEC crossover
BCS-BEC crossover by Feshbach resonance

Scattering length 
BEC of bosonic mol.

made of 
deeply bound fermions

universality

BECUnitarityBCS

Cooper pair
size >>interparticle

distance

+∞-∞ 0
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Universality in unitary Fermi gases

Relevant characteristic scales are
(kF or n)  & T

Sys. does not depend on details of int.:  universality

ξ, δ, α : universal parameter
of    O(1)

momentum distribution

C: Tan's contact parameter

ξ: Bertsch parameter

[Tan, Ann. Phys. 323, 2952 (2008)]

Energy scales:
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Art of BCS wave function
BCS wave func.

Amp. of 
k↑ & -k↓

are empty

Amp. of 
k↑ & -k↓

are occupied

Strong coupling (BEC) limit: bosonic op.

Coherent st.

ΨBCS covers BEC of bosonic pairs.
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"Time evolution" of Bertsch parameter
ξ = 0.3~0.45 Recent QMC:  ξ ≈ 0.38

Endres et al. 
  arXiv:1203.3169.
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Simulating neutron star matter Simulating neutron star matter 
using cold gasesusing cold gases
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Comparison btwn n-matter & cold atoms

Particle separation ~ 1 fm ~ 100 nm

~ 100 keV    100 nK

Degeneracy temp. ~ 100 MeV ~ 1 μK

~ 10 -3    0.1

Temperature

Scattering length -18.9 fm ∞

Effective range 2.75 fm 4.7 nm
(6Li @ 834G)

~ 3   ~ 10 -2 

Cold Fermi gas
at unitarity

(non-negligible)

~ 19 >> 1   ∞
very large!

Neutron matter
in NS crust    
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QMC results for energy at T=0

Gezerlis & Carlson (2008) Gezerlis & Carlson (2010)

Neutron matter & cold atoms s-wave only & with p-wave

non-negligible re 

Good agreement for EOS.
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QMC results for Δ at T=0

Gezerlis & Carlson (2008) Gezerlis & Carlson (2010)

Neutron matter & cold atoms s-wave only & with p-wave

Δ is more sensitive to effect of re. Exponential dep. on int.

Induced int.
(Gor'kov & Melik-Barkhudarov)



29

Constraint on EOS

Extrapolation taking account of 
uncertainty in 3N int. 

within Ch EFT
keeping constraint in the 

low density regime.

Stronger (factor of 6) 
constraint on EOS at ρ0.

Hebeler et al. PRL 105, 161102 (2010).

[Hebeler & Schwenk (2010)]
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1S0 pairing gap of neutron matter

Gezerlis & Carlson, PRC 81, 025803 (2010).

More results are awaited!

Recent trend
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Toward simulating n-matter by cold atoms

Neutron matter in NS crusts: Non-negligible!

Cold Fermi gases
re=2.7nm for 6Li @ 834G Too small!

re=-3700nm for 6Li @ 543G Too large!

A method to control re 
[Marcelis, Verhaar & Kokkelmans, PRL 100, 153201 (2008)]

Use E-field in addition to B-field.  (dipolar int. induced by E-field)

B-field         Feshbach res. btwn open & close
E-field         Potential res. in open channel Interplay

with

Δμ: mag. mom. diff.
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Future challenges
Mix a few protons into neutron matter

・ Proton chem. pot. μp in n-matter

2-body p-n system
Deuteron b. st. due to tensor force
in spin triplet channel.

Related to symmetry energy.

・ n-rich low density nuclear matter
Nonzero density of protons

・ Matter in the crusts

Existence of nuclei

[Pethick et al. NPA 584, 675 (1995)]

μp in neutron matter
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Towards improved nuclear model

Cold atomic physics
Experiment & Theory

Nuclear experiment

Improved nuclear model

Nuclear theory

low ρ ρ ~ ρ0

We need strong support from nuclear theorists!

>
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Effect of n-superfluid on NS cooling

Yakovlev & Pethick, 
Annu. Rev. Astron. Astrophys. 42, 169 (2004)

NS cooling curve depends on
pairing gap of neutron matter 

in crusts!
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QMC calc.

Gezerlis & Carlson, PRC 81, 025803 (2010)

N = 66-68
Smallest L = 20.8 fm
VMC & GFMC
AV4  (a part of AV18)

Pairing gap:
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VMC

VMC  (Variational MC)

Optimize ψv to minimize 〈H〉 

Jastrow factor:

BCS wave func.:
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