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I. Introduction  

발표자
프레젠테이션 노트
High baryon number density beyond n_0, Unexplored  area either theoretically or experimentally. 
High energy density, or high temperature, field theoretical method,
Lattice calculation, RHIC, LHC,  : early Universe



High baryon number density  
 
• RIB Machines(FAIR, FRIB, NICA, RAON, ..):  
     n > n_0 
• Neutron star    
   1 solar mass inside  10km :  
        n ~ 10^15g/cm^3  >> n_0 

Gravitational wave from cosmic collider 
: binary(neutron star-neutron star/ 

neutron star-black hole) coalescence  
  



C. Ott(2013) 



I. Advanced LIGO/Virgo:  2015  

http://touro.ligo-la.caltech.edu/~bonnie/publish/aerials/aerials-Pages/Image3.html


Eric Chassande-Mottin, 1210.7173 LIGO, 1205.2216 

Improvement of Sensitivity : 10-times  



• Higher rate of GW detection   
     NS-NS coalescence : 0.02/yr  40/yr 

J.Abadie, et al. Class. Quantum Grav. 27,173001(2010) 

GW amplitude detection:  increase of 10 times sensitivity 
 increase of  10^3 times volume for observation.  

 





• Current and future GW interferometric detectors 

Eric Chassande-Mottin, 1210.7173 



• EoS in Binary merger 
   a. inspiral period: mass 
   b. coalescing period : EoS (soft or stiff) 

Shibata,  2011 

발표자
프레젠테이션 노트
Thanks to the development of numerical relativity,  the wave forms are supposed to have quite 
different forms depending on the EoS of compact stars.  Black hole has a rather simple EoS 
defined by only its mass. However neutron star is rather complicated, radius and mass are very 
dependent of  EoS in detail. 



C.Horowitz:  Third Year of APCTP-WCU Focus program April , 2012 

발표자
프레젠테이션 노트
Some examples of numerical simulations: show clearly different  wave forms depending  on EoS’s.  
Hence  GW can provide  opportunity to investigate EoS of dense baryonic matter at the 
higher density   which can not be attained in the laboratory experiment



Sekiguchi, Kiuchi, Kyutoku, Schibata  PRL 107, 211101(2011) 

Effect of hyperons  

발표자
프레젠테이션 노트
 Present observations of neutron 
stars  mostly give us the information only on the masses of neutron stars not the radii such that it
Cannot fix the relevant EoS.   However the above examples indicate that  it can probe also the radii
as well as masses.  New degre of freedom, interactions,…     




 constraint on EoS from NS observations   

J1614-2230 

J0348+0432 



Equation of state,  

• energy of the system for a given number 
of nucleon number, N, in a finite volume. 

• comopsition of nuclear matter 
         
     leptons: electrons, muons 
      strange hadrons: kaon, hyperons 
      dilatons, …. 
      quarks,  
• chemical potential of neutron and proton 
 Symmetry enrgy 



  Nuclear matter 
 

  Nuclei 
 

Symmetry energy:   
    measure of n-p asymmetry in nuclear matter 

II.  Symmetry energy 



 1. S(n) beyond n_0: ?    

2.  New physics  encoded in S(n)      



• Driving force toward symmetric matter  

J.M. Lattimer and M. Prakash, Phys. Rep. (2000),       
 H.Dong, T.T.S. Kuo, R. Machleitd, PRC 83(2011) 



  Iso-spin symmetry and symmetry energy  
 

  Examples:  symmetric nuclear matter (I=0, … ) 
                     pure neutron matter( I = 0, ….)  



• simple example: free nucleon gas 
    E_I(interaction)    0,  however  

  Pauli exclusion principle for nucleons  

  n    p  

 E(x~0)              >         E(x=1/2)               

  p    n  



• strange quark matter (SQM) 
  -  more stable  at   higher density 

  u    s  

 E(s=0)              >         E(s=1/3)               

  d    d    u    s  

   additional degrees of freedom 
reduce energy of the  baryonic matter    



• Strong interactions: tensor force, … 



n > n0   

stiffer 

softer 



inflation  
by scalar field 

nuclei,  
neutron star matter 



• Examples of   asymmetric configuration  
  a. Heavier  nuclei with N> Z 
     Coulomb interaction due to  proton  
          less proton number preferred 
             (asymmetric config.) 
     Strong interaction 
        symmetry energy  symmetric config.     

 x ~ 1/2 

발표자
프레젠테이션 노트
Proton capture electron   neutron(weak interaction), energy minimum moves to x0 .  Appearance of proton moves minimum x< ½ 



 b. Neutron star matter 
       N >> Z     N ~ Z 
 Strong interaction   
   Symmetry energy    more protons  
 Charge neutrality and Weak interaction : 
 Weak equilibrium  
 
     x ~ 0 – 1/2 



•  Anatomy of symmetry energy 
HKL and M. Rho,Int. J. Mod. Phys. E 22, 1330005 (2013) 





Phenomenological forms of symmetry energy  







• How can we explore dense hadronic 
matter other than  doing simple 
extrapolations from low density models?   

• Lattice QCD ? 
• Effective theory at finite density? 
• …… 

skyrmions on the lattice 
   symmetry energy (density dependent)  



III. Dilaton in dense hadronic matter 

Change of              with baryon number density 

Chiral symmetry: nonlinear realization    

SSB of chiral symmetry   dilaton as GB 

 Walking Technicolor at LHC?   

Explicit(spontaneous)  breaking of scale symmetry  
 SSB of chiral symmetry    

HKL, SCGT12(2012)  



SSB of scale symmetry: Freund –Nambu model  

             matter field           dilaton 

(approximate) SSB of scale symmetry: 
 only the mass of Goldstone boson(dilaton) must be small 
while all other fields can be arbitrary.  
                                  Freund & Nambu, 1968; B. Zumino, 1970   
   

발표자
프레젠테이션 노트
1.The mass of matter field comes from Va  and is independent of tau and is  arbitrary.
 2.The mass of dilaton  depends on tau, going to zero liniearly as tau  0. 
3.     vev    does not depend on tau.  
1.The mass of matter field comes from Va  and is independent of tau and is  arbitrary.
 2.The mass of dilaton  depends on tau, going to zero liniearly as tau  0. 
3.     vev    does not depend on tau.  






 

Explicit(spontaneous)  breaking of scale symmetry  
 SSB of chiral symmetry    



Dilaton for scale symmetry  
  1. chiral symmetry breaking and partially for  
  2.  QCD trace anomaly 

 Effective theory(talks by B.Y. Park and by Y. Oh)  
  1.  pions,  
  2.  dilaton  

   
  3.  vector mesons (SU(2) x U(1))  
       (talks by B.Y. Park and by Y. Oh)  
 
 



IV. Half skyrmion  and new scaling(BLPR) 
 

Goldhaber and Manton(1987) 
 Byung-yoon Park et al. (2003), … 

HKL, B.Y. Park and M. Rho, PRC83, 025206(2011) 



(a) Suppression of rho-mediated  tensor force  

HKL & M.Rho,  arXiv:1306.4584, EPJA to be published  

발표자
프레젠테이션 노트
Mean field calculation is now in progress

http://xxx.lanl.gov/abs/1306.4584


• New scaling (BLPR) for dense matter   

- old scaling (BR) for region I  
- RG implemented EFT(Stony Brook)  

 I            II 

HKL, B.Y. Park and M. Rho, PRC83, 025206(2011) 

 H.Dong, T.T.Kuo, HKL, R.Machleidt, M.Rho, PRC(2013)  

 Y.L. Ma et al., PRD(2013) 



(b) stronger attraction in n-p channel 
    stiffer symmetry energy   S(n) 

 H.Dong, T.T.Kuo, HKL, R.Machleidt, M.Rho, PRC(2013)  

발표자
프레젠테이션 노트
Mean field calculation is now in progress



(c)  EoS with new scaling, BLPR  
Dong, Kuo, HKL, Machleidt, Rho,  1207.0429 

Stiffer EoS for massive neutron star 



Massive neutron stars 

J. Piekarewicz arXiv:1305.7101   

PSR J1614-2230(1.97 ± 0.04)M⊙ 

PSR J0348+0432(2.01 ± 0.04)M⊙ J. Antoniadis et al., 2013   

P. Demorest et al., 2010 

http://lanl.arxiv.org/find/nucl-th/1/au:+Piekarewicz_J/0/1/0/all/0/1


Summary  

• Nuclear symmetry energy : useful indicator 
for new physics 

• Skyrmion on the lattice(dilaton and vector 
mesons)  new scaling and stiffer EoS 
(RIB machines)  new physics ?? 

• New degrees of freedom in highly dense 
hadronic  matter: strange hadrons,…., 
quarks, ..  

• Gravitational waves from cosmic collider 
   :advanced detectors(2015  )   



Thank you 
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