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Outline of this talk	

1.  Introduction  

2.  The standard scenario of NS mergers:    
- Gravitational waves                              
- Mass ejection and EM counterparts 

3.  More details are required 



 
I  Introduction:  

Why NS merger is important ?   



Galactic compact binary neutron stars observed   

1.  B1913+16    0.323     0.617    2.828     1.441  1.387     3.0  
2.  B1534+12    0.421     0.274    2.678     1.333  1.345     27 
3.  B2127+11C 0.335     0.681    2.71        1.35    1.36        2.2 
4.  J0737-3039  0.102     0.088    2.58        1.34    1.25       0.86 
5.  J1756-2251  0.32       0.18      2.57        1.34    1.23       17 
6.  J1906+746   0.166     0.085    2.57        1.29    1.32       3.1 
7.  J1913+1102 0.206     0.090    2.875      1.65    1.24       ~5 
8.  A24              0.184     0.606    2.74        1.35    1.39       ~0.75 

PSR           P(day)      e      M(Msun	)  M1    M2      TGW  

×108 yrs 

lifetime Orbital  
 period	 Eccentricity	 Each  mass	

 Galactic merger rate ~ 1/104-5 yrs 
(e.g.  Kalogera et al. 2007, Kim et al. 2015) 

à Merger rate ~ 0.4-4/yr/(100Mpc)3 



Why NS merger is important ? 

A.  Most promising sources of gravitational waves  
for advanced LIGO/VIRGO/KAGRA 

KAGRA	 LIGO:Hanford	 VIRGO	
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Why NS merger is important ? 

A.  Most promising sources of gravitational waves  
for advanced LIGO/VIRGO/KAGRA 

B.  Laboratory for high-density nuclear matter 

?	
KAGRA	



NS structure is still unsolved	

?	
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Gravitational waves from NS mergers 
are likely to tell us how large NS is . 	
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for advanced LIGO/VIRGO/KAGRA 
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Why NS merger is important ? 

A.  Most promising sources of gravitational waves  
for advanced LIGO/VIRGO/KAGRA 

B.  Laboratory for high-density nuclear matter 
C.  Promising origins of short-hard GRBs 
D.  Possible site for heavy elements produced by 

rapid neutron-capture process (r-process) 

KAGRA	

?	
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   rapid & slow  
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Origin of heavy elements? 	



Origin of r-process elements  
(gold, silver, platinum) ? 	

•  Until quite recently,  people believed that core-collapse 
supernovae (CCS) would be the production site for the 
r-process elements (textbooks say usually so) 

•  Latest CCS simulations indicate negative answer 
•  NS merger is another potential candidate           

(Lattimer & Schramm 74)	



Schematic picture of NS mergers 
Metzger &  Berger,  2012	
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For  radioactive (macronova)  scenario   �
(Li-Paczynski ‘98)	
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Bright  in  near-infrared  for  1  week  after  the  merger	



Many unsolved issues could  
be solved by observing  
gravitational waves  &  

electromagnetic signals from                    
neutron star mergers 

(statement on 18th Nov. 2016 @AEI)	



Many unsolved issues are 
being solved by observing  

gravitational waves  &  
electromagnetic signals from                    

neutron star mergers 



2  Standard scenario for NS-NS merger	

•  Constraints from radio-telescope observations:  
1.  Approximately 2 solar-mass neutron stars exist                                                      

à equation of state (EOS) for NS has to be stiff 
2.  Typical total mass of binary neutron stars                       

à ~ 2.6—2.8 solar mass (exception is found) 
Ø  Merger results in high-mass neutron stars (not BH) 

(Shibata et al. 2005, 2006, Hotokezaka et al. 2011, 2013…) 

Ø  Difference in EOS is reflected in gravitational waves 
emitted from the late inspiral to merger phases 
(Shibata et al. 2005, Hotokezaka et al. 2011, 2013…) 

Ø  During the merger, neutron-rich matter is ejected 
with mass of 0.001—0.02 solar mass                 
(Hotokezaka et al. 2013, Sekiguchi et al. 2015…) 



Merger  of  1.35-1.35Msun NS  with  four  EOSs	

APR4: R=11.1km	 ALF2: R=12.4km	

H4: R=13.6km	 MS1: R=14.5km	

Current  understanding  of  NS-NS	

All  EOSs  satisfy  Mmax > 2Msun	



Merger  of  1.35-1.35Msun NS  with  four  EOSs	

APR4: R=11.1km	 ALF2: R=12.4km	

H4: R=13.6km	 MS1: R=14.5km	

Log(ρ g/cc)	 Log(ρ g/cc)	

B
y  H

otokezaka + 2013
	

   Massive neutron stars are remnants 
Irrespective of EOS for canonical mass	



Dependence on EOS and total mass	
11

FIG. 6: The evolution time scale of the system in the plane composed of EOSs and total mass. ⌧
dyn

: A black hole is formed
in the dynamical time scale after the onset of the merger. ⌧

hyd

: A HMNS is formed and its lifetime is determined by the
hydrodynamical angular-momentum transport time scale. ⌧

hyd,s: The same as for ⌧
hyd

but the lifetime is shorter than ⇠ 10 ms.
⌧
mag

/⌧
cool

: A HMNS is formed and its lifetime would be determined by the time scale of angular-momentum transport by some
magnetohydrodynamics e↵ects or by the neutrino cooling time scale. The evolution time scale for a given total mass depends
weakly on the mass ratio. For MS1, only the MNS or SMNS is formed for m  2.9M�. For APR4 and Shen, the remnant for
the m <⇠ 2.6M� case is likely to be a SMNS (not HMNS).

B. Characteristic time scales

As their lifetime is tabulated in one of the columns of
Table II, HMNSs collapse to a black hole for several rel-
atively massive models. This collapse is triggered by the
angular-momentum loss by the gravitational-wave emis-
sion and by the angular-momentum transport process
from the inner region of the HMNS to its outer enve-
lope. The transport process can work because the HMNS
formed has a nonaxisymmetric structure and exerts the
torque to the envelope surrounding it, as already men-
tioned in Sec. II C. We note that the mass of the disk
surrounding the remnant black hole formed after the col-
lapse of the HMNS is in general larger for the longer
lifetime of the HMNS for a given EOS (see Table II).
In addition, the emissivity of gravitational waves is quite
low for not-young HMNS as shown in Sec. IV: This is be-
cause the degree of the nonaxisymmetry for the HMNS
decreases with time. These facts obviously show that
the hydrodynamical angular-momentum transport pro-
cess plays an essential role for the black hole formation.
Therefore, for the HMNS of lifetime ⇠ 10 – 50 ms, we con-
clude that the black hole formation is determined primar-
ily by the hydrodynamical angular-momentum transport
process, and write the time scale as ⌧

hyd

.
On the other hand, for less-massive HMNSs and

SMNSs, neither the emission of gravitational waves nor
the hydrodynamical e↵ect are likely to determine their
lifetime. For such systems, other dissipation processes
(which are not taken into account in our numerical sim-
ulations) will play an important role, and the evolution
proceeds with the dissipation time scale. If the system
is hypermassive and its degree of di↵erential rotation is

su�ciently high, the angular-momentum transport pro-
cess via magnetohydrodynamics e↵ects could trigger the
eventual collapse of the HMNS to a black hole (e.g., [39])
with a relatively short time scale ⌧

wind

or ⌧

mri

⇠ 100 ms
or less, which is comparable to ⌧

hyd

. If the degree of
di↵erential rotation is not high and the thermal e↵ect
plays an important role for sustaining the self-gravity of
the HMNS, neutrino cooling will play a dominant role
for determining the process toward the black-hole forma-
tion. According to [9, 10], the cooling time scale via the
neutrino emission is of order seconds (hereafter denoted
by ⌧

cool

), and hence, it is much longer than ⌧

hyd

. How-
ever, if the degree of di↵erential rotation is not high, ⌧

cool

could be shorter than ⌧

wind

and ⌧

mri

. Furthermore, if the
remnant mass is smaller than M

max,s(T > 0), the mag-
netic winding and MRI would not trigger the collapse
to a black hole. For such a system, the neutrino cooling
will trigger the collapse eventually. Our previous work [9]
suggests that this is likely to be the case.

For a smaller-mass system with M

max

<⇠ m

<⇠ M

max,s,
the remnant neutron star is not hypermassive, and it
evolves simply to a cold SMNS in ⌧

cool

. The cold SMNS
will collapse eventually to a black hole after its angular
momentum is dissipated by some process such as mag-
netic dipole radiation. For an even smaller-mass system
with m

<⇠ M

max

, the remnant neutron star is not supra-
massive , and it evolves simply to a cold neutron star in
⌧

cool

. This is the case for MS1 with m

<⇠ 2.8M�.

We may classify the remnant MNSs by its evolution
time scale. Figure 6 shows such a classification. In
this figure, ⌧

dyn

shows that a black hole is formed in
the dynamical time scale after the onset of the merger;
⌧

hyd

shows that a HMNS is formed and its lifetime is

BH	

Hotokezaka et al. 2011, 2013 

Massive NS	

Small radius	 Large radius	
R(M=1.35Msun)=11.1     11.4     12.4      13.6     14.5      14.1 km	

Typical total m
ass	

EOS	

BH	

Total mass	



Possible fates of NS-NS mergers	

Likely  for  M < ~2.8Msun	M > ~2.8Msun	

BH	 NS	

I.e., irrespective of EOS, threshold mass >~2.8Msun	



Merger =>  
Massive NS	

Black hole/MNS  
+  torus  à  GRB?	

Post  merger 
Massive NS/BH 
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Gravitational waveform from NS-NS:  
hybrid waveform  (1.35-1.35 solar mass)	
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Latest numerical-relativity waveform	EOB 
(Damour, Nagar, 
  Buonanno, Hinderer ..)	

Align the phase here	

Late inspiral	

Post merger	

Hotokezaka et al. 2016 (see also efforts by Bernuzzi,…2011–)	



Spectrum	
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Hotokezaka et al. PRD 93 2016	

Late inspiral	
The  difference  is 
determined primarily 
by tidal deformability  

                 Λ 
(Hinderer & Flanagan)	



Spectrum	
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Late inspiral	δR~1 km could be 
distinguished with
2-sigma level
for Deff=200 Mpc
(also Damour+ 2012)



Spectrum	
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•  SNR=0.5—0.9 
    @200Mpc: small 
•  Waveform depends 
     on detailed physics 
     not taken into account 
     in the simulation to date 

Hotokezaka et al. PRD 93 2016	

Post merger
(Centrella+ 1994,
   Shibata 2005)	Information  of   

~1015 g/cm3 

  is reflected	



Mass ejection, nucleosynthesis, and shine 
(kilonova/macronova scenario) 	

Ø Merger 
à  Neutron-rich, high-entropy, dense ejecta                                          
 
à  r-process nucleosynthesis    

   (Lattimer-Schramm ‘74,  Symbalisty-Schramm ’82) 
à Production of unstable heavy nuclei  
à  β-decay (fission) 
à  Heating ejected material   
à  UV ~ IR emission  (Li-Paczynski ‘98)	

capture decayn βτ τ− −<

How much mass ? How high neutron-richness ?	
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Neutrino-radiation hydrodynamics simulation 
SFHo (R~11.9 km): 1.30-1.40 Msun	

Rest-mass  density	

Sekiguchi et al. 2016	

νe
νe
νothers

Neutrino luminosity	Orbital plane	

x-z plane	

Tidal	torque	

Shock	hea=ng	

Neutrino	wind:		
															weak	

•  Typical ejecta mass=0.001—0.02 Msun
•  Typical velocity ~ 0.2c



Neutrino-radiation  hydrodynamics  simulation 
SFHo (R~11.9 km): 1.30-1.40 Msun	

28	

Electron  fraction (x-y)	

Electron  fraction (x-z)	

νe
νe
νothers

High temperature ⇒  γγ→ e− + e+ ,     n+ e+ → p+νe
Neutrino  irradiation ⇒  n+νe → p+ e−

Sekiguchi  et al. (2016)	

Ye=[p]/([n]+[p])	
Neutrino  luminosity	



Dynamical  evolution  of  neutron  richness	

Tidal torque	 Neutron-rich   
     ejecta 
   Ye <~ 0.1	

Shock 
heating	

Eject 
Ye >~ 0.1	

Shock 
heating	

Ye ñ 

Neutrino 
irradiation	

Ye	

0.1 
 
0.2 
 
0.3 
 
0.4	

Mass  ejection	

High temperature 
⇒  γγ→ e− + e+

     n+ e+ → p+νe

Neutrino  irradiation 

⇒  n+νe → p+ e−



Electron fraction profile: Broad	

the shock heating and the resulting positron capture can be
seen more clearly. The several distinct changes in hYei
observed for SFHo in ≲5 ms after the onset of merger
reflect the strong eþ capture activated by the shock heating.
During this phase, hYei for SFHo increases drastically to be
≈0.3. After this phase, on the other hand, hYei for SFHo is
approximately constant because the e− and eþ captures
balance and because the neutrino luminosity decreases
to be ∼1052 ergs=s due to the BH formation, which is not
sufficient to change hYei of the massive ejecta. Thus, for
softer EOS like SFHo, Ye is likely to be increased primarily
by the eþ capture.
On the other hand, hYei for DD2 and TM1 in the early

stage is low as Ye ≲ 0.1–0.2, while it increases in time. This
is simply because the shock heating at the first contact is
not strong enough to increase hYei significantly for these
stiffer EOS; i.e., the original composition of the ejecta
driven by tidal torque, which is composed primarily of
neutron-rich matter with low temperature, is temporally
preserved as found in [15,16]. In the later phase, however,
the ejecta become less neutron rich. This is partly due to the
positron capture discussed above. In addition, the electron
neutrinos emitted from the remnant MNS convert some
fraction of neutrons to protons via the electron neutrino
capture (see below for a more detailed discussion). For
stiffer EOS, the importance of the electron neutrino capture
in increasing Ye of the ejecta is enhanced because of their
lower temperature and the maintained high neutrino lumi-
nosity from the long-lived MNS.

The lower panel of Fig. 4 plots the mass-distribution
histograms for Ye normalized by the total mass of the ejecta
at ≈25 ms after the onset of merger. For all of the models,
Ye is distributed in a broad range between ∼0.05 and 0.45.
This result is completely different from that found in the
previous studies [15,16] in which the distribution of Ye is
very narrow with a lower average value ≲0.1. This
disparity can be explained as follows.
In the previous approximate general relativistic study

[15], the weak interaction processes were not taken into
account, and hence, the ejecta remain neutron rich because
there is no way to change Ye. In the previous Newtonian
studies [16], they took into account the neutrino cooling
(e− and eþ captures). However, as we mentioned already,
the effect of the shock heating is underestimated signifi-
cantly in Newtonian gravity, and hence, the effect of the eþ

capture would be much weaker than that in our simulations
due to the underestimated temperature. In addition, they
did not take into account the neutrino heating (absorptions)
that is expected to play a role for stiffer EOS in which the
positron capture is relatively less important due to lower
temperature.
To see the effects of the neutrino heating more quanti-

tatively, we performed simulations without (no-heat) neu-
trino heating for SFHo and DD2. We found that for both
EOS, the contribution of the neutrino-driven component in
the ejecta mass is ∼10−3M⊙ at the end of the simulation
(see Table II), which is consistent with that found in [33].
The amount of the neutrino-driven ejecta is minor for SFHo
but comparable to the amount of the dynamical ejecta for
DD2. This result suggests that the neutrino heating plays
a relatively more important role for stiffer EOS like DD2
and TM1 in which the amount of the dynamical ejecta
is ∼10−3M⊙.
The neutrino heating plays an important role in changing

the chemical composition (Ye) of the ejecta. As shown
in Fig. 3, the luminosities of νe and ν̄e are quite high as
≳1053 ergs=s. Because of the absorption of neutrinos with
this high luminosity, the ejecta become more proton rich
because the electron neutrinos convert some fraction of
neutrons to protons via the reactions nþ νe ↔ pþ e−.
Note again that νe capture is more efficient than ν̄e capture
since the ejecta are neutron rich.
Figure 5 compares the time evolution of hYei (upper

panel) and the mass-distribution histograms for Ye at
≈25 ms after the onset of merger (lower panel) between
simulations with and without neutrino heating for SFHo
and DD2. The results indicate that for SFHo, hYei is
increased to be ≈0.29 due to the positron capture and the
neutrino heating pushes it up further by ≈0.02 at the end of
the simulations. For DD2, the effect of the positron capture
is weaker and the neutrino heating plays a relatively
important role, increasing hYei by ≈0.03. Such enhance-
ments of hYei due to the neutrino heating would be
important in considering the r process nucleosynthesis [17].
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FIG. 4 (color online). Upper panel: The time evolution of the
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ejecta measured at ≈25 ms after the onset of merger for SFHo,
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DYNAMICAL MASS EJECTION FROM BINARY NEUTRON … PHYSICAL REVIEW D 91, 064059 (2015)

064059-5

Sekiguchi et al. 2015 PRD	

Ø  Broad distribution of Ye irrespective of EOS

1.35-1.35 solar case	

=[p]/([n]+[p])	



Good agreement with solar abundance pattern	
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Expected light curves @ 200Mpc	

Radiative Transfer Simulations for NS Merger Ejecta 9
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Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min exposure). For optical wavelengths (ugriz bands), “1 m”, “4 m”, and “8 m” limits
are taken or deduced from those of PTF (Law et al. 2009), CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For
NIR wavelengths (JHK bands), “4 m” and “space” limits are taken or deduced from those of Vista/VIRCAM and the planned limits of
WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.

Optical/Near infrared (i band)	

Tanaka & Hotokezaka 2013; see also Barnes & Kasen 2013, 2016

10 min  exposure  by
 Subaru HSC (SNR=5)	

M=0.01 sola mass
    0.004
    0.0007	

1 min exposure	

Subaru HSC 
(hyper-supreme 
     -camera) 
1.75 deg2   

field of view  	

Subaru-class telescope will discover macronova 
     associated with gravitational-wave events	



3  More details are required	

•  Post merger process would be determined primarily 
by magneto-hydrodynamcis (MHD)

•  MHD instabilities, Kelvin-Helmholtz and magneto 
rotational instabilities, are keys  à  By them, 
turbulence will be developed and determine the 
transport an dissipation processes

•  To date, no simulations in realistic setting have fully 
resolved them                                                             
à They are NOT MHD simulations in reality          
à We have to pursue this  

p  Viscous hydrodynamics could be approximate 
alternative effective treatment	



High-resolution  GRMHD  for  NS-NS	

Δx=17.5m	 Δx=70m	

Kelvin-Helmholtz  instability 
 à  Magnetic fields are amplified by winding 
 à  Turbulence ?  Quick angular momentum transport ?	

Kiuchi et al. 2015	



Please pay attention only to blue curves	
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Bmax=1013G 	

Higher 
resolution	

Still NOT convergent…	

B field would be amplified in Δt << 1 ms à turbulence ?	

Kiuch et al. 2015	

τKH ∝Δx

Purely hydrodynamics/radiation hydrodynamics
                        /low-resolution MHD  
     are likely to be inappropriate for this problem 



Shear motion at the merger                                
à huge number of vortexes are formed and 

magnetic field is quickly amplified	

à Turbulence à Turbulent viscosity�
à Effectively viscous fluid (likely)	



For post-merger dynamics, 	

•  Obviously more resolved MHD simulation is needed 
à But it is not feasible due to the restriction of the 
computational resources (in future we have to do) 
“Current GRMHD simulations for NS mergers are not 
GRMHD simulations” 

•   One alternative for exploring the possibilities is 
viscous hydrodynamics   (Radice ‘17, Shibata et al. ‘17)

ü Note that we do not know whether our viscous hydrodynamics 
can precisely describe turbulence fluid	



Viscous neutrino radiation hydrodynamics for 
post-merger MNS �

 (S. Fujibayashi et al.,   must be published in this month)	

Employ covariant & causal GR viscous hydrodynamics 
                (Israel & Steward, ’79, Shibata+ ‘17)
Initial condition: Merger remnant of 1.35-1.35M¤ NS-NS
                        at 50 ms after the merger
Alpha viscosity:  ν =αv cs

2 Ω-1  with αv= 0.01
Equation of state: DD2 (RNS = 13.2 km, stiff)
                             à Dynamical ejecta mass ~ 0.001 M¤ 

Axis symmetric simulation	

Density in x-z plane	

τν ≈
R2

ν
=

1
ανΩe

RΩe( )
2

cs
2

~ 10
αv

0.01

⎛
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 ms

Wide 1500×1500 km	 300×300 km	



Evolution of angular velocity	
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Relax to uniform rotation
 in viscous timescale ~ 10—20 ms	

Kinetic energy of ~1052 erg is released
 à early viscous ejection	

Play a role 
in the late-time
   viscous ejection	

Fujibayashi et al. in preparation	

t=0	



Early viscous ejecta	
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For t < 10—20 ms: 
Differential rotation 
of remnant NS 
à  Rigid rotation
à  Viscous heating 
à  Outward motion
à   Ejecta from disk 

of mass                      
~ 10-2 (α/0.03)M¤	

Neutrino driven	

Viscous driven	

Fujibayashi et al. in prep.	

Average velocity	

Kinetic energy	

Viscous driven: α=0.02
                          α=0.01	

Neutrino driven: α=0	

Ejecta mass	
α=0.02
α=0.01	



3D viscous hydrodynamics simulation        
for remnant of binary neutron star merger 	

•  Merger remnant is used as initial condition 
ü H4 EOS (stiff EOS) 
ü Mass = 1.35-1.35 solar mass 
•  Simulation is started at ~ 5ms after the onset of merger 
•  ν is set to be αv cs

2 Ω-1 ~ αv cs
 X (X ~ 10 km): α model 

•  α parameter = 0.01—0.02 taking into account the latest 
MHD simulation results for accretion disks (such as 
Jim Stone and his colleagues have been doing)	

See also recent work by Radice (2017)	

(Shibata & Kiuchi PRD June 2017)	



αv=0	αv=0.02	

αv=0.01	
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Gravitational waveforms	
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Amplitude of gravitational waves 	
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Spectrum	
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Summary	

v  Typical scenarios for NS-NS merger: NS-NS à HMNS 
or MNS à Long-term evolution by viscous process

v  Gravitational waves from late inspiral phase is the 
primary target for constraining the NS EOS

v  There are likely to be a few mass ejection processes:
1.   For the presence of a long-lived MNS:                       

dynamical mass ejection (Ye=0.05—0.5) + early 
viscous ejection (Ye >~ 0.2) + disk wind (Ye > ~0.3)

2.   For the BH formation: dynamical mass ejection 
(Ye=0.05—0.5) + disk wind (Ye=0.1—0.5) 

v  For both, ejecta mass ~ 0.01 solar mass or more



Clear  correlation  between  peak  and  radius	

Ours	Peak 
frequency	

Radius  of  1.6 solar-mass NS	

At  one  lucky  event  	

Bauswein & Janka	

f ∝ GM
R3

NS  radius   
could  be   
constrained 
with ~ 1km 
  error	


