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1932 fIEFDOHEE ). Chardwick 4+ F 18]/ 58

1934 hEF2MFE W. Baade and F. Zwicky

We have tentatively suggested that the super-nova

process represents the transition of an ordinary star into
a neutron star.

1968 /NILY—DNDF KR S.J. Bell and A. Hewish

1974 HEEHMEFEDHER R.A. Hulse and J.H. Taylor

1979 SGR(XTRF—?)DHER

1982 Y /N\N)LY—DH KR D. Backer et al.
2010 KRBEEHHEHFEDHE P Detmorest et al.

2010 CAS-ARMEFE25EIHER C.0.Heinke and W.C.G.Ho
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neutron star

neutron star
with quark core

strange
quark star

From Yagi, Miake and Hatsuda,
“Quark-Gluon Plasma”, Cambridge Univ. Press (2008)
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Free neutrons, protons and electrons
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M:(1.97 =+ 0.04)|\/| o (Nature 2010)

M:(Z.Ol + 0.04) \Y/ o (Science 2013) 5
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Cassiopeia A Cooling, 4% decrease in 9 years
(Heinke & Ho, ApJ 2010)
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(from Enoto, 2012)
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PSR J1614-2230, 1.97(4) M, (Demorest et al., Nature 2010)
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Phys. Rev. 81 (1951) 165

On the Nucleon~-Nucleon Interaction™

ROBERT JAsTROW**
Institute for Advanced Study, Princeton, New Jersey

(Received August 18, 1950)

A charge-independent interaction between nucleons is assumed, which is characterized by a short range
repulsion interior to an attractive well. It is shown that it is then possible to account for the qualitative
features of currently known zn-p and p-p scattering data. Some of the implications for saturation are dis-
cussed.

Phys. Rev. 106 (1957) 1366

Possible Existence of a Heavy
Neutral Meson*

YorcHIRO NAMBU

itute for Nuclear Studies,
icago, Chicago, Illinois
(Received April 25, 1957)

p” would contribute a repulsive nuclear force of
Wigner type and short range (<0.7X10~ ¢cm), more
or less similar to the phenomenological hard core,

w-meson
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Pressure (P)

Masuda, Hatsuda & Takatsuka,
Astrophysical Journal Letters 764 (2013) 12

Baryon density (p)
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| Berger et al., arXiv:1306.3960[astro-ph.HE] (June 17, 2013)

. Animation in Harv d-Smithonian press release (July 17, 2013)
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Quantum Molecular Dynamics

(Maruyama et al., PTEP 2012) Relativistic MFT (Okamoto et al., PLB 2012)
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Cassiopeia A Cooling, 4% decrease in 9 years
(Heinke & Ho, ApJ 2010)
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Name

Process

Emissivity
(ergcm 3 s 1)

Modified Urca
(neutron branch)
Modified Urca
(proton branch)

Bremsstrahlungs

Cooper pair

Direct Urca
(nucleons)
Direct Urca

(A hyperons)
Direct Urca
(X~ hyperons)
n~ condensate
K~ condensate

n+n—sn+pte + Vv,
n+p—+e —n+n—+Vv,
p+n—ptpt+e +V,

pt+tpte —pt+n+Vve
n+n—n+n+v4v
n+p—n+p+v+v
p+p—=p+p+v+v
n+n— [nn]+v+v
p+p—[ppl+v+v
n—pt+e +V,
pt+e —n+Vv,
A—>p—|—e_+‘-7€
pte — A4V,

YT o nde +V,

n+e — X 4V,
N+ < T >—=nte +V,
n+ <K >—n4e +v,

~2x10"'RT§  Slow

~ 101 RTY Slow

~ 10 RT$ Slow

~5x10°' R T}
~5x10¥RT)

Medium
~ 10" RTY Fast
~ 10" RT? Fast

~10°"RT¢ Fast

~10°°RT? Fast
~10”RT¢ Fast

Direct Urca cycle
(u-d quarks)
Direct Urca cycle
(u-s quarks)

d—=ute LV,
u+e —d+ve

s—ute 4 Ve

H+te —s+ Vv,

~ 10" RTY Fast

~10°"RT¢ Fast




Cassiopeia A cooling (9 years CHANDRA data)

Onset of 3P, superfluidity ?

Heike & Ho, ApJ Lett. 719 (2010) L167
Shternin et al., Mon. Not. Astr. Soc. (2010)
Page et al., PRL (2011) g

Siimple thermal relaxation ?

Heike & Ho, ApJ Lett. 719 (2010) L167
Tsuruta et al (2012)

Neutron *P-F, gap: "a2" (T®* =5.5x10°K)

Neutron 3P*E, gap: "a" (T&ﬁ‘“ = 109K)
. llll'l'll'l TTT1IT ||||I'I'I'I'| llllll'l" T T rom

10 100 1000 10* 10° 10% 107 ' 10 100 1000 10* 10° 10° 107

Age [yrs] Age [yrs]




CAS-A mEIHFREANEBIEIE: P, EBRENEHE?

Spin—singlet pairs

Spi—tnplet paws
S=1

e ¢H

L=0 L=0

A Tamagaki(1970)
10 100 1000 10* 10° Takatsuka (1972)

Age [yrs]

Neutron °P, —F,

Neutron lSU

| LENLNLEL N LA S S B N

SRy TR
Shternin et al., Oj_lth &H? 7 .

Mon. Not. Astr. Soc. (2010)
Page et al., PRL (2011)
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See the review, K. Fukushima and T. Hatsuda, Rep. Prog. Phys. 74 (2011) 014001




25

EO+—0METDOAZ—BIEE

=
=

© & @é@ &
2SC uSC dSC CFL

BEOLRECHLLDEL
1. 8RS R T L |d| ~ e €7V
NS—MSHEEANIERES B (momme . T/ 04
OAINDRGERT— - r ~1-10fm
2. HS5—TL—N—HEE BE) g (cf. *He)
d_ 2SC, uSC, dSC, CFL etc
1A

See the review, K. Fukushima and T. Hatsuda, Rep. Prog. Phys. 74 (2011) 014001
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BODRES ~10fm
BOMPME ~ 0.01P(s)Y2cm

Neutron

npe Boojum vortex

phase Interface

CFL

phase

Pure color-magnetic  Color and U(1)gy
monopole magnetic monopole

Cipriani,Vinci & Nitta, PRD86 (2012)

+Nuclei and electrons
~Nuclei, electrons and free neutrong

Pasta nuclei
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Free neutrons| protons and electrons
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yperons
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qudrk droplets
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1
Period (s)

Magnetars
(from Enoto, 2012)
Bs=3.2x10%V(PPdot) [G]
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Free neutrons, protons and electrons

REME ~10M1G
NERHEIE ~10181°G?
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ROV EAEAEIR ?
- PR FME DR

Brownell & Callaway (1969), Rice (1969), Silverstein (1969), Makishima (1999)
EFZAHETIEIEEM: Bordar & Bigdeli, PRC77 (2008) etc

- DA —aT7 D&

Tatsumi, Phys. Lett. B489 (2000); arXiv:1107.0807 [hep-ph]].

s TREFRA O+ —ILIC K D5RMEE

Eto, Hashimoto & Hatsuda, PRD88 (2013)
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Eto, Hashimoto & Hatsuda, PRD88 (2013)
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1966

£F® 1% (QCD)

BUOVBEERDOSU () — (Y. Nambu)

1973 ¥FT7— B (K. Wilson)
( 1 a L/ — : 1 a — \
£=—7GuGa" + a7 (10, — gt" Al )q — mdq
a a a b pc
L Gﬁ“" b 8MAV — 81,14” —+ gfabcA.uAy

¥

r ~1 [fm]

r ~10 [fm]

r ~10 [km]
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Ishii, Aoki & Hatsuda, Phys. Rev. Lett. 92 (2007) 022001
Ishii et al., [HAL QCD Coll.], Phys. Lett. 712 (2012) 437

IS,NN RTF> v )L (#FQCDEHE) IR FMEIAZ TT (30-40/ 35 A—4)

180 channel

repulsive | |
core

Ve(r) [MeV]

m, (BR7E) ~450MeV T D% 77
> m_(FER)=135MeVTD% AN




BFQCDRENZAHW-EFEIRREHFIEX (LQCD + BHF)

(NN force: 1S, 3S;, 3D, channels only)

HAL QCD Coll., Phys. Rev. Lett. 111 (2013) 112503

ZME PEFIE

L Mps= 1171 [MeV

- Mps =837 [MeV

CAPR(AVA8) e
APR(Full) ——

E/A [MeV]
5

[
(=]

Weizsacker ™
mass formula

05 10 15 20 25 30 35 40
ke [fm]
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Mpg = 1171 [MeV]

Mpg = 837 [MeV]
Mps = 672 [MgV/] e
Mps = 469 [MeV] ——

HAL QCD Coll.,
Phys. Rev. Lett. 111 (2013) 112503
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Mpg = 1171 [MeV]

Mpg = 837 [MeV]
Mps = 672 [MeV/] ]
Mps = 469 [MeV] —— |

HAL QCD Coll.,
Phys. Rev. Lett. 111 (2013) 112503
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Maeda, Baym & Hatsuda, Phys. Rev. Lett. 103 (2009) 085301
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Meada, Baym & Hatsuda, Phys. Rev. A 87 (2013) 021604(R)
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