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Neutron stars

B The highest dense matter of the observable universe

Mass: 1~2 Me (solar mass) . Radius:~10 km?
=> Density in the core : 3~10p, ( py=0.16fm™3)

B Treasure box of many-body physics O Neutron matter

Strange-hadron mater 9 ° ﬂjd P

:)fhcomf/ucf]m s



Combination of Experiment - Observation - Theory

Cold Fermi gas

Theories

x-ray satellite &
ASTRO-H A

Neutron rich

nuclei

B unstable nuclei beam B
factory (RIBF)

Strangeness nuclei

o g =
a o o
-

Japn Proton Accelrator . ' |
Research Complex (J-PARC)



Ground experiment : Measurement of the EOS

Equation of state of nuclear matter: E = f(p, (nn, n, mny, ) )

J-PARC

Cold Fermi gas

Energy
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Neutron matter Neutron rich nuclei Strangeness nuclei




Astronomical observation : Verification of the EOS

Equation of state of nuclear matter: E = f(p, (nn,n , My, = ) )

T

Mass-Radius curve

Balance between
gravity and pressure
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x-ray satellite ASTRO-H
(launched in 2014)
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[ Demorest et al. Nature 467 (2010) 1081 ]

Verification of the EOS
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Mission of our cold atom team

Measurement of universal many-body physics and applications

T T

T T il
quark gluon plasma ®
107 ¢

neulron stars

107 F
P [Pa] o

Application

1014 L
Equation of state
10°y Thermodynamics
| Density of state

. ,\ni{wld Fermu gas Pairing gap
l —1la | A | |

" 10\ 10 10* 108 102 s, p-superfluid
- . Transport
T K] [ arXiv:1205.5180 ]

Universal many-body system




How cold atoms helps to understand neutron stars?

Internal structure of neutron stars [arXiv:1112.2018]

Inner::rust Mallltle

L] L1

=dx 10 g em? =0.8x 10" g om? %0.8-1.8x 10" gem™?

OQuter Crust

p— 15—250#:44*— 5=30m —-I
PUrE NEUtIOn I_superlFTlid.
neutron 4 proton ﬂuilti

J
L Ll
Pasta Inverted pasta (bubbles)

Numerical calculations of energies @ T=0

[arXiv:1109.4946]
Homogeneous 2-spin Fer

Challenging many-body pr

* Lower limit of energie
* Benchmark of many-body theories




How cold atoms helps to understand neutron stars?

Superfluidity and pairing gaps

Superfluid phase diagram in neutron stars Numerical calculations of gaps
[arXiv:1109.4946]

l_" 1 LI 1 T
crust i liquid core i 1
. . ke [fim ]
10 f\ B OPEG-1 0 0.1 02 03 04 05 06
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- Neutron s:wave superfiuid ok BCS-atoms ]
T : ] QMC Unitarity ]
(Kcl i ) Qe T O3F ' H
Proton s-wave superconducting 04} ]
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- kP a
[T. Takatsuka and R. Tamagaki, Progress of Effect of the effective range is not

Theoretical Physics Supplement 112, 27 (1993) ] negligible




How cold atoms helps to understand neutron stars?

Specific heat and cooling curve

Specific heat in the crust of neutron stars @ T=10°K

[arXiv:1201.2774]
Frorrrrrrrprrrrrrrrrp e i lllllllllllll [T T T T oo =
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Finite temperature experiment using cold atoms

Cooling curve of a neutron star
[PRL 106, 081101 (2011)]
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Curve of the neutron star €<—

Thermodynamic properties
Critical temperature
Superfluid density

Gaps




How cold atoms helps to understand neutron stars?

Origin of high-T. Fermi superfluid (superconducting)

T | T
BCS superconductors 5K 5X%X10°
3He 2.7mK 5X10*
High-T. superconductors 100K 102
Neutron matter 10°K 0.1
Atomic Fermi gases 200nK 0.2

* Density of state, spectrum function
e Superfluid transition temperature

* Pairing gaps, size of cooper pairing
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Universal many-body physics using cold atoms

BCS-BEC crossover

T
Temperature parameter: @ = -
F

A

Fermi liquid 0 i’

\

‘D ii Thermal molecules

o o

BCS limit BEC limit

O

BCS superfluid Molecular BEC

| w0

+00 0 o
Interaction parameter: x = —

1
kFas

Unitarity limit



Lenghth scales in cold atom systems

2[1C6
h2

| 1/4
* Van der Waalslength: R4\ = E( ) = 1.7nm

_ particle-specific

» Effectivelength: 1, = 4.7nm @834 Gauss (Feshbach resonance)
parameters

Scattering amplitude : f (k) =

1.1, . }
—a—5+7rek — ik

Thermal length : Ay = ‘/ﬁ~100nm@1m{ ﬂW
B

Inter-particle spacing : n~ /3 ~kz'~100nm

* S-wave scattering length : |a;| = 0~oco (by Feshbach resonances)

Size of potential : L~10um ]- System-specific parameter



Universal many-body system

1

Length scales : Ryqw <7e & |Ag, 13, |ag| |[K L

hZ
Energy scales : kgT, &, —
mas

R vdw

Universal many-bddysystems independen l? etails of the particle and the system
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One length scale :| &g
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Bertsch parameter

EUnitary
$= —;;)'f)deal <1 >  Attractive interactions
1.0
| [ [
I & analytical
03- & experiment
L } & simulation
0.6} .
W - . .
| ) ; 73 Joo It i
. . L] . {. . ’ - -I-
0.2 ’
ﬂ § = 0.39683897¢ |

0&97 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
time (vrs)

[ arXiv:1203.3169 ]



How about finite 7and a ?

Equation of state

* Non-interactinggas: PV = —-QV, T, u)

=0
0. o

Ao

Vv

* |Interacting Fermigas: PV =—-Q(V,T,u,?)



The many-body system

(n)
qJN (ry00,7,0,,-,ry0y)

T'yOy

T's505
)
\ V— .rzaz
~ko1
F “—>
Rvdw
5

Two components: o =Tor |l
Balanced :Ny = N, = N/2
Only s-wave scattering between T and |

No 3-body collision
(diluteness, Pauli exclusion)

BCS-BEC crossover region :krpas > 1



Contact interaction

- (n)
- rlllll'lR . IPN (T'lﬂ'l,rzﬂ'z, "',TNG'N)
1~ Tz2|=hpaw

Other N-2 particles do not interact
with the two particles at the moment

T'yOy

r 1. Diluteness
505
2. Pauli exclusion
1) 0) e
v
~ki1 H
F «—> X p(r — 1) Py, (1'303,7404,+,Ty0y)
R
~ vdw _
& Two-body wave function

What is the expectation value of the two-body
wave function in such a system?



Universal many-body function and Tan’s contact

 Two-body density matrix at short range :

|bpaic|” = (W aOYT @)Y DY)

2 x=—— g=2L
o kpa’” — Tg

b(r) =1

a,kg ' >r=|r =7, |2 Ryqw ¢(r)

>4mkeN | h(x, 0) yy

t

Universal many-body function
[Zhang and Leggett, PRA 79, 023601 (2009)]

* Tail of the momentum distributions of particles :

2
N1or i(kF: |a|_1:A%l <k< R;cilw) = dereikr(ppair(r)
n(k) C
" = 4wtkzNh(x, 0) /k* Eﬁ

Tan’s contact
[S. Tan, Ann. Phys. 323, 2952 (2008)]

~C/k*

Physics 3, 48 (2010) P L ‘




Universal equation of state (EOS) for a dilute Fermi system

_ _ , dE h?2
Adiabatic relation : = — C =-1
da™1 . 41tm

Total differential of the internal energy : dE = —pdV + TdS + udN — Ida™!

New thermodynamic variable

Grand canonical potential : Q =FE —TS — uN

Total differential of the grand canonical potential :

dQ = dE — d(TS) — d(uN) = —pdV — SdT — Ndu — Ida™!

EOS of the universal many-body system: | Q(V,T,u,a™!) = —p(T,p, a5V




BCS-BEC crossover in cold atom systems

T
Temperature parameter: @ = -

F
Fermi liquid 6 |

é Eos: P(T,u, a- 1) | Thermal molecule

o |
J—)

BCS limit v BEC limit

O

Bertsch parameter :‘fjlid

Molecular BEC

Adiabatic relation via h(x, 6) I

Unitarity limit v (140,10, Ty )

[ M. Horikoshi, et al., Science 327, 442 (2010) ]
[N. Navon, et al., Science 328, 729 (2010) ] [ S. Nascimbene, et al., Nature 463, 1057 (2010) ]
[ M. Ku, et al., Science 335, 563 (2012) ]



Cold Fermi gases and the inner crust of neutron stars
Neutron—rich dilute region

T e, e W o,

- - — e

(from unitarity to BCS regime)

rioq

le

[

\
BCS limit ', v

O

BEC limit

?superfluid

Unitarity limit

—1
mkF



Physics undetermined by experiments

EOS over the crossover: P(T,u,a™ ')

* Thermodynamicfunctions: E,F,S
Universal many-body function: h(x, 9)

Today'’s topics

* Density of state, spectrum function

e Superfluid transition temperature
e Superfluid density
* Pairing gaps, size of cooper pairing

e Transport (thermal conductivity, viscosity)
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Fermi atom: 6L

Two components system is realized using two different Internal states

6 j- electron, proton:3

o | &
neutron:3 MJ "

0 N
| i
Wi o
‘,-“‘:,-'.‘ir]dr;\“lp-r;l\wf]r]J'ng‘r:]',“;\‘ri]\i;\frll}

Electron spin:1/2

228MHz
2S orbit ~80MHz

Hyperfine structure l

Nuclear spin .1

(s cotac prameterby tina T 2008
L 12>=1
A C
— F
Zeeman effect

Another candidate is K > Magnetic field




Feshbach resonance

Magnetically tunable scattering length between the spin states

’ =|F=1/2,mp=+1/2)

a(B)
=|F=1/2,mp = —1/2)
I SLi:1-|
' 834(i§auss

Magnetic field



Method of observation

Absorption imaging

Cold atoms

Shadow of atoms integrated along the probe
beam direction

Resonant laser

In situ imaging —> density distribution
After expansion - momentum distribution



Our laboratory @ Photon Science Center of University of Tokyo

Graduate studentt : Togashi

Simultaneous MOT of 6Li and “Li

Undergraduate student : Ito



How to measure P(T,u,a~') and h(x, 8) using cold atoms ?

The most serious problem is inhomogeneity of the gas trapped in a harmonic trap

‘Ta n(r), P(F‘), ﬂ(l"),, 3 Utrap(r')

& (r), x(r)

e Thermodynamic quantities are position dependent

* Measured momentum distributions are averaged values over the trap

e Thermometer, Pressure meter, Chemical potential meter ?



Our previous route to determine the EOS at the unitarity limit
[ M. Horikoshi, et al., Science 327, 442 (2010) ]

® Force balance: VP (r) + n(r)VUtmp (r)y=20

® Pressure — energy relation: PV = = F

3

> CF-
® Internal energy : e =

Thermodynamic relationship

EOS at the unitarity: P(T,u,a" ' = 0)




Improved our data

Recently, thermometry provided by J. Thomas’s group has been improved,
especially, at high T/T; region. [arXiv:1105.2496]

Internal energy EOS at unitarity

3.0F

—— This work — This work
o ENS d_a’_ca 2 f & ENS data
— 2nd Vinal R iri
J r - — 2nd Vinal
— 3rd Virial R 23 |— 3¢d Virial
— 4th Vinal o — 4th Vinal
--- Ideal Fermi gas " L

1.5




Our previous route to determine the EOS at the unitarity limit
[ M. Horikoshi, et al., Science 327, 442 (2010) ]

Force balance: VP (r) + n(r)VUtmp (r)y=20

2

S at the unitarity: P(T,u,a”! = 0)

Problemsfora=! # 0: PV = g(E — Nepxh(x,0) )

unknown



ENS’s route to determine the EOS at the unitarity limit
[S. Nascimbene, et al., Nature 463, 1057 (2010) ]

EOS at the unitarity : P(T,u,a™! = 0)

2
mw
® Pressure: VP(r) + n(r)VUipqp(r) = 0 — P(0,0,2) = 21: n(z)

® Temperature : direct measurement by mixing ’Li into °Li

® Chemical potential : g=exp(L)<1
kpT
. P(#’ T’ 0) B >12k38T [E + (_2_5/2 + ‘\/Ebz)fz]
7 (T)
P(0,0,2) N
4 * b, = 1/2 atthe unitarity limit
* Local density approximation : u(z) = g — Urrap(2)

o Construct higher terms
Fitting \/

~ /\ 2T

¢ P(00,2) = 75 [£(z,0) + 158 (2 o)




ENS’s route to determine the EOS at the unitarity limit
[S. Nascimbene, et al., Nature 463, 1057 (2010) ]

EOS at the unitarity : P(T,u,a™" # 0)

® Pressure: VP(r) + n(r)VUipqp(1) " 1(2)
® Temperature : direct measuremept by mixing ’L\into °Li
® Chemical potential : sgn(a)

(1- erf(x))ex2

2
P(0,0,2)

,T

[Tin-Lun Ho and Erich J. Mueller, Phys. Re\. Lett. 92, 160404 (2004)]

+ P(0,0,2) = - |E(z, 1) + (=275 + V2b ), @) ) €(z, 10)?]

We have to keep the same temperature of gases



Our new route to determine the EOS at finite scattering length
[ Togashi and Horikoshi, 67th JPS meeting (2012) ]

€ Local chemical potential from observables integrated over the trap

Under thermal equilibefUm, each local positiomsatisfy: € =Ts + un— P

Integrate usinga harmonic potential




Derivation of the internal energy

EOS via ENS’s route : P(u, T, a=<2)

20

- -
= =] =]

Chemical potential[J]

¥
[
[—]

w
=)
»
-
[—)
[
=

0.2 04 06 0.8 4 0x1 05

Temperature[K]

Particle density : n=(dP/du),,
Entropy density:s = (dP/dT),,

Internal energy density: e =Ts +un — P



Verification of the measured EOS

T
Temperature parameter: @ = —

Ty
Fermi liquid 6 |

é Eos: P(T,u, a” 1) | Thermal molecule
o ™
BCS limit v

e

BEC limit

Molecular BEC
BCS superfluid

Adiabatic relation via h(x, @) |

1
Unitarity limit Interaction parameter:x = _—w

* Pressure- energy relation : PV = %(E — Nepxh(x,0) )

» Adiabatic relation : g—i . 2epNh(x,0) > 0



Correction of the effective range of neutrons

Necessary condition for universality: r, < Ay, k,ﬂ, lag] « L

®Li atom : r,~5nm « k;1~100nm —> kgro~0.05

Correction

Neutron : r,~1fm < kz'l~2fm —> kgr.< 0.5

non-negligible value

1. Direct control of the effective range via electric field [PRL 100, 153201 (2008)]

: : : . O 2
2. Adiabatic relation for an effectiverange : — = — (A B)
[arXiv:1204.3204] e m
c D

ng (k) - + 76 + -

Effect of the lattice of neutron-rich nuclei is another issue
Theoretical support is necessary
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Summary

EOS over the BCS-BEC crossover : P(T, u, a‘1)
Universal many-body function: h(x, 8)
Thermodynamic functions

T curve

Pressure-energy relation : PV = %(E — Nepxh(x,0) )

Adiabatic relation : 3—’; , = 2&pNh(x,0) > 0




Cold Fermi gas

é

Summary

Universal EOS : P(T,u,a™ 1)

®
4
g

J

» | Universal many-body function: h(x, 9)
Critical temperature, Pairing gap, ...

Inner crust of neutron stars

|

Correction of the effective range

Lattice of neutron-rich nuclei
Protons

t

Theories

hori@psc.t.u-tokyo.ac.jp
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