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I. Detection of  gravitational waves from binary black holes   
         

 

Image credit : SXS (Simulating eXtreme Spacetimes) GW150914 GW151226 



4 

GW150914 



  0.2 s  동안  주파수의 변화 35 – 150 Hz    

   Black hole binary   



h 



Arxiv:1606.04856(LIGO/VIRGO) 







II. Binary  neutron stars  
         Observed binary neutron star systems  Biotti and Rezzola arXiv 1607. 03540   
         

 gravitational radiation:  yet too weak to be  detected at LIGO   
         



• No observation in O1 run of advanced LIGO.  
• Advanced LIGO could have detected  
 - binary neutron star  with ~1.35 solar mass at ~ 70 Mpc 
 -binary black hole neutron star with 5 solar mass black hole 
at ~ 110Mpc  
• Upper limit on merger rates  Biotti and Rezzola arXiv 1607. 03540   
         

LIGO-Commencement  of Observing Run O2 on Wednesday, November 30th, 2016 



• Strain sensitivity curve and estimated merger rates  
       J. Aasi et al., Living Rev. Rel. 19, 1(2016) arXiv 1304.0670  
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   binary  neutron stars  
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• Keplerian angular velocity 

• symmetric mass ratio 

• reduced mass 

Gravitational Wave from  Orbiting Binary System  
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• Gravitational wave  

• Ripples  in  the curvature of space-time  



• Mass and radius 

Equation of state :  
 pressure and  energy density  



 

Lattimer, arXiv: 1305.3510 



 



III.  Tidal deformation of star matter 

• Tidal deformation during merger stage   

• Departure from point particle  approximation :  

• Change in gravitational wave form  



• Metric around deformed body  
   due to external quadrupole field 

A. Tidal deformation   



• Applied quadrupole tidal field 

• Induced quadratic moment  

• Tidal deformability  

(symmetric and traceless)  

Equation of state(EoS)    mass, radius, 
                                           tidal deformability, ….    



• perfect-fluid stellar matter  

B. Basic Equations   

• metric for a spherically symmetric(static, non-rotating) configuration    

A. Tolman-Oppenheimer-Volkov(TOV) Equation   



• Tolman-Oppenheimer-Volkov(TOV) Equation   



• Linearized perturbation  

B. Einstein field equation for  perturbation   

TOV Eqs.  



• Continuity  of           and            at the boundary, r=R  

C. Deformability  

• Asymptotic form  

Equation of State   



• Deformability  

• Asymptotic solution  

• dimensionless  tidal deformation parameter    



 Example 1.   Postnikov, Prakash and  Lattimer Phys.Rev.D82, 024016(2010)  



Example 2. Hinderer et al., Phys. Rev. D 81,123016(2010) 

10-450 Hz window  



Example 3.  Hotokezaka, Kyutoku, Sekiguchi, Shibata. Rev. D93, 064082(2016)    

Example 4.  J. Read et al., Phys. Rev. D 88, 044042(2013)     



• Main objective:  
 

 1. a consistent way in a unified field theoretic  frame work  
 2. the low  and high density regimes are treated  on the same footing 

 
• Strategy : 
   
 A.  Walking ideas  
    1. Skyrmions  on the lattice  simulation of dense nuclear matter  
    2. Hidden local symmetry   vector mesons as  gauge bosons  
    3. Scale symmetry aspect(trace anomaly) :  dilaton  
  

IV.  Compact star matter with new scaling law 
H. Dong et al., Phys. Rev. C87, 054332(2013); 
K. Kim, T. Kuo, HKL, J.Lee M. Rho, arXiv 1412.5380; K.Kim, HKL, J.Lee arXiv1607.03235 
W-G. Paneg, T. Kuo, HKL, M. Rho, PRC93,055203(2016)      



B.  Change of scaling law from low density  to high density regime 
  
hints  from walking ideas  
    1. topological phase change: 
         half skyrmion phase  at higher density  
    2. vector manifestation at high density .  
    3. two solar mass neutron stars 
 
 implemented in the  scaling  with density:  
       two different scalings :  low - and high density   
   -  nucleon and  meson coupling constants   
   -  masses of nucleon and  mesons 
 

 



• baryonic matter : skyrmion on the lattice 
 

1. Skyrmion  on the lattice:   dense nuclear matter 
• nucleon as skyrmion (toplogical soliton)  in pionic lagrangian 
 



Goldhaber and Manton(1987); Park et al. (2003), … 

• Half skyrmion phase  
    skyrmions    half skyrmions on  lattice      
 

Skyrmion  supplemented  by  a dilaton scalar , Park and Vento, 0906.3263 



1. symmetry energy     
 HKL, Park and Rho, PRC 83,025206(2011) 

2. homogeneous dilaton  condensation     
 

3. inhomogeneous ‘chiral’  condensation     
 

Y. Ma et al. Phys. Rev. D 91, 096011 (2015) 



2. Hidden local symmetry  

 - QCD matching and RG   
near chiral symmetry restoration :  
n ~ nC 



H. Dong, T. Kuo,  HKL, R. Machleidt, M. Rho  PRC 87, 054332(2013) 

C. Implementation of half skyrmion into nuclear matter: 
                  equation of state using Vlow-k   

, HKL, M. Rho Eur. Phys. J. A50, 14(2014) 

new scaling at higher density  

old BR scaling at low  density  

tensor force strength   

Paeng et al. Phys. Rev. C 93, 055203 (2016)  



- symmetry energy  

- mass and radius  - central density  

- energy  per nucleon 



- tidal deformation parameter K. Kim et al., arXiv:1412.5380; 1607.03235 
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• Gravitational wave: strain amplitude 

- Point particle – stationary emission  

V.   Observational opportunity  for  measuring tidal      
       deformation  in binary merger  

- Newtonian chirp( inspiral wave form)  

chirp mass  



• post Newtonian : point particle and tidal effect  

post Newtonian expansion parameter   



m1  

m2  

post Newtonian : point particle  

post Newtonian : tidal effect 



• simple exercise   K.Kim et al., preliminary   



post Newtonian expansion parameter   

adiabaticity   



  K.Kim et al., preliminary   



 - Spectral density curve   Hotokezaka, Kyutoku, Sekiguchi, Shibata. Rev. D93, 064082(2016)    

- distinguishability  

• Numerical simulation   



 
• Equation of state of nuclear matter at high density  
  - Interactions between nucleon and additional degree of freedoms 
• Observables in experiments and observations 
  -  Particle productions (nucleons, pion and kaons) and their ratio 
  - Mass-radius of compact stars 
  - Gravitational waves   
• Characteristics of EoS relevant to observables    
  - Symmetry energy : particle ratio, proton fraction, ….  
  -  Deformation parameter: gravitational wave  
  -  EoS up to  n ~ 2n_0  – 3 n_0 :   
      1.  Heavy Ion Machines(FRIB, FAIR, RAON, …) , time scale ~  10-23 s 
      2.  Neutron star ~ 1.5 solar mass ,  time scale >> weak interaction  
• Ideas on EoS at higher density  to be tested 
    1.   star matter with new scaling law 
    2.  quarkyonic matter, …….. 
     

VI.  Discussion  

Lattimer, arXiv: 1305.3510 



 Symmetry Energy  

Chen, 1506.09057 

• Observational  opportunities in gravitational wave detections at advanced 
LIGO –Virgo networks(2016    ) 

  1.  Development in analytical  and numerical approach 
  2. Data analysis method to facilitate the details of EoS : 
          mass,  radius,  tidal deformation, …  

• Characteristic features of equation of state  

 Sound velocity 

 Paeng, & Rho, 1611..09975 

 Mass -Radius Deformation parameter  

? 
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