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From Quarks to Cosmos 

Tetsuo Hatsuda  (Nishina Center, RIKEN) 
     「実験と観測で解き明かす中性子星の核物質」 

          キックオフシンポジウム(RIKEN, Oct.26, 2012)    



Building blocks of Matter 

  

nucleus 

       r ～10 [fm]             r ～1 [fm]         r ～10 [km]       

Neutron star nucleon 

  

  

Light quarks   

mu  ~   2  MeV 

md ~    5  MeV 

ms ~  90  MeV 

Heavy quarks 

mc ~ 1.3 GeV 

mb ~ 4.2 GeV 

mt ~ 171 GeV 

I        II       III 

Characteristic strong int. scale   ~ (1fm)-1 ~ 200 MeV 

Fundamental theory of strong int.  ＝ Quantum Chromo Dynamics (QCD) 



   FLAG working group,    
   arXiv:1011.4408 [hep-lat] 

Running masses: mq(Q) 

 quark masses 
   (from lattice QCD) 

        [MeV] 
  (MS-bar @ 2GeV)  

mu 
    2.19(15) 

md 
    4.67(20) 

ms 
     94(3) 

    

   Quantum Chromo Dynamics 

Running coupling: αs(Q)=g2/4π  

Shintani, PoSLAT2011  



   Physical point simulation in (2+1)-flavor QCD @ 2010   

Improved Wilson + Iwasaki gauge action 
 a = 0.09 fm, L=2.9 fm, mπ=135 MeV 
 PACS-CS Coll., Phys. Rev. D 81, 074503 (2010)  

3
%

 accu
racy 



Ishii, Aoki & Hatsuda, Phys. Rev. Lett. 92 (2007) 022001 

Ishii et al., [HAL QCD Coll.], Phys. Lett. 712 (2012) 437 

Nuclear Force from LQCD  

1S0 NN potential  (Lattice QCD）   

Ｍπ  ～ 3 Ｍπ（phys.)    Mπ = Mπ(phys.) , NN, NNN  
                                            by KEI Computer 

1S0 NN potential  (Phenomenological） 



Ishii, Aoki & Hatsuda, Phys. Rev. Lett. 92 (2007) 022001 

Ishii et al., [HAL QCD Coll.], Phys. Lett. 712 (2012) 437 

Nuclear Force from LQCD  

1S0 NN potential  (Lattice QCD）   

Ｍπ  ～ 3 Ｍπ（phys.)    Mπ = Mπ(phys.) , NN, NNN  
                                            by KEI Computer 



 

新学術領域「素核宇融合」(2008-2012) 



http://www.aics.riken.jp/en/ 

                  Five “strategic” programs (FY 2010-2015)  
 

           1.  Life and Medicine     2.  New Materials        3.  Environment              

           4.  Engineering              5.  Particle, Nuclear and Astrophysics 

Project 1:  Baryon-Baryon interaction from lattice QCD simulations at physical point 

Project 2:  Large scale quantum many-body calculation of nuclei and its applications 

Project 3:  Realistic simulation of supernova explosion and black-hole formation 

Project 4:  Large scale simulation of first generation of stars and  galaxies  

         Physical point simulation started  :  964 lattice,  a=0.1fm, L=9.6fm, mπ=135MeV  
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HPCI戦略プログラム分野５ 
「物質と宇宙の起源と構造」(2010-2015) 



  K. Fukushima and T. Hatsuda,  
 “The Phase Diagram of Dense QCD”    
  Rep. Prog. Phys. 74 (2011) 014001 

RHIC 

LHC 

Lattice QCD 

QCD Phase Diagram @ 2011 



RHIC & LHC 

PHENIX@RHIC 
 

 STAR@RHIC 
 

     ALICE@LHC  



・ M～(1-2)M☉ 

・ R ～10km 
・ 0 < ρ < 10 ρ0 

composition 
 

  ・ nuclei 
  ・ neutrons & protons 
  ・ mesons (π, Ｋ)  
  ・ hyperons (Λ, Σ-, Ξ-) 
  ・ quarks  (u,d,s) 
  + leptons (e, μ) 

   Neutron Star 



 
 

   ・ Nuclei    
         nuclear pasta 
  

   ・ Neutrons & Protons 
         superfluidity, superconductivity 
 

   ・ mesons (π, Ｋ) 
     Bose-Einstein condensate 
 

   ・ Hyperons  
         superfluidity 
 

   ・ Quarks  (u,d,s) 
         color superconductivity  

             Possible phases  

          inside neutron stars 

・Theoretically sound 
・Quantitative predictions 
 still difficult 



      
 

       1.   Ab initio calculations  :  QMD,   Lattice QCD etc 
 

             2.   New observations  :    Ｍ，Ｒ，Ｔ，Ｂ，Ｐ，   … 
 

       3.   New experiments  :   ＲＩＢＦ，Ｊ－ＰＡＲＣ  etc 
 

             4.   Proposals to relate theories and observations 

M=(1.97±0.04)M☉         ⇔ cold EOS 
 

X-ray burst                           ⇔   cold EOS 
 

ＧＷ from N☆ merger         ⇔    hot EOS 
 

Seismology                ⇔ crust structure 
 

Cooling of CAS-A      ⇔ 3P2 superfluid 
 

Magnetars         ⇔   ferromagnetic core 

examples 

      Recent developments 



Cassiopeia A Cooling, 4% decrease in 9 years 
(Heinke & Ho, ApJ 2010) 

PSR J1614-2230 , 1.97(4) M☉, (Demorest et al., Nature 2010) 

T, B, M 
 

Magnetars   
(from Enoto, 2012) 
Bs=3.2x1019√(PPdot) [G] 



Thermonuclear Burst in X-ray Binaries 
4U 1608-248 EXO 1745-248 4U 1820-30  
 

(i) Surface emmision 

(ii) Eddington limit 

R2 =   F D2 
 T4 

 2M 
R 

(1  ) 
-1 

 2M 
(    ) 

1/2 

R 
1 LEdd = 

4  G M 

(1+X) 

M-R 
 



・ M～(1-2)M☉ 

・ R ～10km 
・ 0 < ρ < 10 ρ0 

   EOS of Dense Matter 



Z=0 

N=Z  

ρ(fm-3)  

  ρ0 

   = 0.16 fm-3 

3ρ0 5ρ0 

 Akmal, Pandharipande & Ravenhall, PRC58 (’98) 

E/
A

 (
M

e
V

) 

Nuclear Force and dense EOS （case for nucleons only）   

 Phenomenological nuclear force 



(ρmax  ～ 6ρ0) 

Oppenheimer-Volkov(1939) 

NN 

NNN 

PSR1913+16 

J1614-2230 

 Hebeler et al., PRL 2010 

Nuclear Force and dense EOS （case for nucleons only）   



BB potentials (flavor SU(3) limit) 
IHAL QCD Coll.  

Phys. Rev. Lett. 106 (2011) 162002 

Nucl. Phys. A881  (2012)  28 

Repulsive core in NN channel 

Attractive core in H channel Growing NN tensor force 

      1S0 channel 
 

3S1 – 3D1 channel 



Just for fun:  Neutron star  from NN potential in flavor SU(3) limit 

N=Z,S=0 
N=0,S=0 

EOS with Lattice NN force by BHF calculation  M-R relation by TOV equation  

Inoue et al. [HAL QCD Coll.] (2012) 



Just for fun:  Neutron star  from NN potential in flavor SU(3) limit 

N=Z,S=0 
N=0,S=0 

EOS with Lattice NN force by BHF calculation  M-R relation by TOV equation  

Inoue et al. [HAL QCD Coll.] (2012) 



(ρmax  ～ 6ρ0) 

Oppenheimer-Volkov(1939) 

NN 

NNN 

PSR1913+16 

J1614-2230 

Hyperon mixture and “Takatsuka Problem”  

Hyperon mixture   

Takatsuka,  Prog. Theor. Phys. 156 (2004) 84 



From Quarks to Cosmos 

  KEI Computer @ AICS (RIKEN) 
                     (10PFlops) 
 

BG/L -> PACS-CS -> T2K -> BG/Q -> KEI 
      (10TF -> 100TF -> 1PF -> 10PF) 

Neutron star:  

    max mass, cooling etc 

 

  
NN 

Nuclei 

NNN 

Hypernuclei 

YN,YY 

YNN 

YYN, YYY 

  J-PARC (KEK/JAEA) 
   



SU(3) breaking: coupled channel LQCD Sasaki et al.  
[HAL QCD Coll.] (2012) 

Example:  S=-1, 3S1, I=1/2 (mπ/mK=0.89, 0.8) 

ΛN-ΛN ΣN-ΣN ΛN-ΣN 

PACS-CS (2+1)-flavor config. 
L=2.9 fm 



Hadron-quark crossover and  

strongly interacting quark matter in inner core ? 

Masuda, Takatsuka & Hatsuda,  

arXiv: 1205.3621 [nucl-th]  
Hatsuda,Tachibana, Yamamoto & Baym,  

Phys. Rev. Lett.97 (2006) 122001  



  Gravitational waves 



Sekiguchi, Kiuchi, Kyutoku  

& Shiata,  PRL  (2011) 

EOS from Gravitational wave from N☆ merger  



・ M～(1-2)M☉ 

・ R ～10km 
・ 0 < ρ < 10 ρ0 

   Superfluidity 



Tamagaki (1970) 
Takatsuka (1972) 

Nuclear superfluidity 



Tamagaki (1970) 
Takatsuka (1972) 

crust Outer 
core 

crust Outer 
core 

Nuclear superfluidity 



Cassiopeia A  cooling   (9 years CHANDRA data)   

Onset of 3P2 superfluidity  ?   
  
 
 

Siimple thermal relaxation ?  

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

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



Color superconductivity  

 major differences from the standard BCS superconductor 

1.  Relativistic fermi system  

     color-magnetic int. dominant    High Tc  :          Tc/eF  ~ 0.1 

Compact pair :  r~ 1-10 fm 

2. Color-flavor entanglement                  

                                                          
Various phases (c.f.  Ice, 3He) 

    2SC, uSC,  dSC, CFL etc 

flavor    color 
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2. Color-flavor entanglement                  

                                                          
Various phases (c.f.  Ice, 3He) 
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Cipriani,Vinci & Nitta, arXiv:1208.5704 

vortex size ～ 10 fm 
voｒtex distance ～ 0.01P(s)1/2cm 

Quantum vortices in 

outer & inner cores 



1015 G ≃ (10 MeV)2 

 

1019 G ≃ (1000 MeV)2 

 

  due to strong interaction ？ 
 

 ・ ferromagnetism in neutron matter 
       Brownell & Callaway (1969), Rice (1969), Silverstein (1969), Makishima (1999) 
      negative in modern many-body theories： e. g. Bordar & Bigdeli, PRC77 (2008)  
 

   ・ ferromagnetism in quark core  
    Tatsumi, Phys. Lett. B489 (2000);  arXiv:1107.0807 [hep-ph]]. 
 

   ・ ferromagnetism due to pion domain wall 
        Hatsuda (1986),  Son-Stephanov (2008)  
        Eto, Hashimoto & Hatsuda (2012) arXiv:1209.4814 [hep-ph] 

   Magnetars 
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   ・ ferromagnetism in quark core  
    Tatsumi, Phys. Lett. B489 (2000);  arXiv:1107.0807 [hep-ph]]. 
 

   ・ ferromagnetism due to pion domain wall 
        Hatsuda (1986),  Son-Stephanov (2008)  
        Eto, Hashimoto & Hatsuda (2012) arXiv:1209.4814 [hep-ph] 

   Magnetars 



・ Hadron-quark crossover  ⇔  Bose-Fermi mixture  
        Maeda, Baym & Hatsuda,   PRL 103 (2009)  085301 

 

・ Meson condensation ⇔ Dipolar atoms 
       Meada, Baym & Hatsuda,  arXiv: 1205.1086 [cond-mat] 

   Neutron Star Structure  
        by Tabletop Expt.? 



G.Baym, GCOE Lecture at Univ. Tokyo (2009) 



Neutron matter 
（neutron+meson） 

Cold atoms with 
large magnetic moment 

Dipolar fermi systems 

 expt. data 
  （2012~） 

163Dy, 167Dy fermions 



π0 and ρ0 condensations in neutron matter  

E and B  condensations in dipolar atoms/molecules  

Kunihiro, Prog. Theor. Phys. 60 (‘78) 1229 
A. B. Migdal, NPA (1972) 

Takatsuka, Tamagaki & Tatsumi, 

Prog. Theor. Phys. Suppl. 112 (‘93) 67 



π0 and ρ0 condensations in neutron matter  

E and B  condensations in dipolar atoms/molecules  

   φ   ⇔  A0 

-∇φ  ⇔  E 
  S   ⇔ d 
  

 ρ      ⇔  A 

∇xρ  ⇔  Ｂ 
 S     ⇔ μ 
  



http://en.wikipedia.org/wiki/Liquid_crystal 

Nematic Smectic A         Smectic C 

Chiral Nematic (=cholesteric) 

Liquid crystals 



Phase structure  

Dy atom 
5μB, a=10nm 



Neutrons confined by gravity ⇔ cold atoms confined  by MOT  

   Same hamiltonian in both systems 

 

   ρ0 cond.  ⇔ magnetic dipolars  (smectic C phase) 

  ρc cond. ⇔  magnetic dipolars  (chiral nematic phase)  

  π0 cond.  ⇔  electric dipolars     (smectic A phase)  

  πc cond.  ⇔  electric dipolars     (chiral nematic phase)   

Meson condensation 

By tensor force 

Neutron star 

Photon condensation 

by dipolar interaction  

 cold atoms/molecules 



        
 １．LQCD calculation of dense EOS 
   ・ Best approach if it is possible 
   ・ Still difficult for μ/T > 1 due to sign problem 
 
 ２．LQCD calculation of nuclear force + nuclear many-body echniques 
   ・ Second best approach, possible to carry out BB, BBB at KEI computer 
   ・ What about 4B, 5B etc? What about transition to sQM? 
 
 ３．Low-energy heavy-ions 
   ・ Possible to come to a few times ρ0 

   ・ Temperature not negligible.     
 
 ４．Neutron star observations  
   ・ great progress in a past few years and more to come  
           M, R, T, B, ….,  gravitational wave 
 
 ５．Tabletop neutron star 
   ・ low density neutron matter ⇔  2-component fermionic atoms 
   ・ meson condensation      ⇔  dipolar atoms and molecules 
   ・ hadron-quark transition      ⇔ 3-component fermioic atoms, Bose-Fermi mixture  

      Dense QCD Summary 



    Expt.  
(RIBF, J-PARC etc） 
  basic data 

     Theory 
        Lattice QCD 
    ＋many-body theories 
 

        Obs. 
     X-ray,  Neutrino, 
          gravitational wave 

   Cold atoms 
  tabletop simulator 


