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Time axis

Exploring a realistic picture of NS-NS mergers

(Bartos et al. 13)

Evolution path depends on the total mass and 
maximum mass of NSs

Science target : Measuring a tidal deformability of NS 

B-field and neutrino are irrelevant



From inspiral to late inspiral phase

Tidal deformation : NS just before the merger could be 
deformed by a tidal force of its companion. 

Tidal deformability depends on NS constituent, i.e., EOS. 
Tidal deformation

Stiff EOS (larger R)       Soft EOS (small R)

NS NS NS NS

Easily tidally deformed Hard to be tidally deformed



How to generate theoretical templates

▶ Post Newtonian method : Expansion of EoM w.r.t. velocity / the 
speed of light (semi-analytic method)
Merit : Low computational cost to generate a template
Demerit : Inaccurate just before the merger 

▶ Numerical relativity simulation
Merit : Accurate description of hydrodynamical interaction up to the 
merger
Demerit : High computational cost to generate a template

# of parameters
NS-NS : NS mass(m1, m2), EOS, (Spin)
BH-NS : NS & BH mass, EOS, BH spin, spin-direction



Large tidal deformability ⇒ Rapid phase evolution
Numerical diffusion ⇒ Rapid phase evolution

Requirement :  
Convergence study ⇒ Continuum limit

Red：Larger tidal deform.
Cyan：Small tidal deform.

For the calibration of EOS waveforms

Merger

Fixed EOS

High Res.



Current status tidal deformability of NSs
Hotokezaka et al. 13, 15, 16, see also Dietrich et al. 17, Beruzzi et al. 15

GW phase and phase shift Extrapolated data vs EOB

▶

Still not sufficient for the template ⇒ Need higher res. simulation



A step towards accurate late inspiral waveform

Super computers accelerate NR waveform production.

32 TFlops month/model for “best” resolution (2.2 times higher 
resolution than in Hotokezaka et al.)
⇒ Systematic study is possible

Key ingredients
▶ Resolution study (4-5 res.)
▶ Low eccentricity initial data (e～10-3)
▶ Long term evolution (15-16 orbits before the merger)



Phase shift of GWs

Peak time (58.42ms)

▶ Peak time = Time at maximum amplitude of GWs
▶ Phase shift is < 0.1 radian over 200 radian
▶ Merger before ～0.5 ms is no longer two body 
problem



Phase 
error

▶ Phase error is significantly suppressed.

Toward a theoretical template bank

KK et al. 17
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Current Status for GW template bank

▶ EOB works well up to 3 ms before the merger irrespective of the EOSs.
▶ Final stage cannot be described by EOB for the stiff EOSs.
▶ We are constructing a phenomenological waveform template. 
(Kawaguchi et al. in prep.)



Toward a theoretical template bank

▶ Requirement : Phase error ≲ 0.1-0.2 rad. 
▶ We will continue to do a simulation of BNS mergers 
⇒ Calibration of our templates
⇒ Our data will be public on our web site.



Tidal deformability measurement of NSs

▶ Tidal deformation Λ is related to a NS radius ⇒ 
Information of the NS equation of state. 
▶ Soft EOS is favored (Λ≤ 800)

LSC and Virgo collaboration PRL 119, 161101 (2017)

R1.35M☉= 14.4 km

R1.35M☉= 13.6 km

R1.35M☉= 11.1 km



Summary

▶ Deriving sub-radian accuracy GW forms from binary neutron star merger based 
on numerical relativity

▶ Final stage cannot be described by EOB for the stiff EOSs.

▶ We are constructing a phenomenological waveform template. 
(Kawaguchi, KK et al. in prep.) ⇒ Independent data analysis of LIGO data



Source properties of GW170817

▶ Mass measurement of NSs.
m1: 1.36-1.60 M☉, m2 : 1.17-1.36 M☉ (low spin prior)
m1: 1.36-2.26 M☉, m2 : 0.86-1.36 M☉ (high spin prior)
▶ Luminosity distance is 40+8

-14 Mpc

low NS spin 
prior 

high NS spin 
prior 

LSC and Virgo 
collaboration 
PRL 119, 
161101 (2017)


