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I   Brief introduction of GW170817	
∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Key parameters in this talk: 
•  Chirp mass = 1.188+0.004

-0.002 Msun 
à Total mass = 2.73—2.78 Msun              
(90%CL, reasonable spin assump.)   

      à Binary neutron stars
•  Assuming reasonable spin of NSs,  

Mass ratio  = 0.7—1.0 (90% CL)    
à Not very asymmetric

•  Viewing angle < ~30°
•  Tidal deformability < 800            

à NS radius < 13.5 km

PRL 119, 161101 (2017)	

Chirp M=m1
3/5m2

3/5(m1+m2)-1/5	

~100 sec observation �



Gravitational waveform from NS-NS: 
(1.35-1.35 solar mass)	
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Latest numerical-relativity waveform	

Align the phase here	 Late inspiral	

Hotokezaka et al. 2016 (Bernuzzi et al., Kiuchi et al. 2017,…)	
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Optical-IR EM counterparts of GW170817	
Data: Villar +, 1711.11576
JGEM plays an important role (Tominaga’s talk)

Infrared	
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Fig. 2. The evolution of EM170817 
derived from the observed spectral 
energy distribution. (A) Bolometric 
luminosity. (B) Blackbody temperature. 
(C) Photospheric radius. (D) Inferred 
expansion velocity. Individual points 
represent blackbody fits performed at 
discrete epochs to which the observed 
photometry has been interpolated using 
low-order polynomial fits. Dashed lines 
represent an independent Markov-
Chain Monte Carlo fit without directly 
interpolating between data points (see 
(10) for methodology and best-fit 
parameter values). The solid red lines [in 
(A) and (B)] represent the results of a 
hydrodynamical simulation of the 
cocoon model where the UVOIR 
emission is composed of [in (A)] cocoon 
cooling (yellow dashed line labeled 1), 
fast macronova (>0.4c; green dashed 
line labeled 2), and slow macronova 
(<0.4c; blue dashed line labeled 3). 
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Assuming black body	

~0.25c @ 1d 
~0.1c   @ 10d	

~7000K@1d	

~2000K@10d	

L = 4πσR2T 4

v = R / t

~7×1041 erg/s@1d	 Luminosity decreases 
in a power law manner	



Consistent with Kilonova/Macronova model 
(Li-Paczyski 1998, Metzger et al. 2010)	

capture decayn βτ τ− −<
Neutron rich ejecta 
 
à  r-process nucleosynthesis 

But, in the early phase,   
         optically thick 
à Consumption via 
      adiabatic expansion �

Decay of unstable nuclei 
à Heating �

Mass ejection �

N
eutron rich�



Consistent with Kilonova/Macronova model 
(Li-Paczynski 1998, Metzger et al. 2010)	

@1−10 days
τ photon diffusion ≤ τejecta expansion

Optical/infrared 
     emission �

Free expansion
	



τ photon diffusion ~ τejecta expansion

Lpeak ~ 2×1041 ergs/s M
0.01M⊙
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(Li-Paczyski 1998, Metzger et al. 2010)	

Depend on ejecta mass, velocity, opacity 

10-6 at ~ 1 day:  
Depends on time	

Uncertainty of opacity: ~ 2 orders of magnitude 
       which is determined by lanthanide fraction 
         (See talk by M. Tanaka for more details) 

Qualitatively agree with GW170817 but not quantitatively 



Fraction of lanthanides vs electron fraction	

10-5

10-4

10-3

10-2

10-1

100

 0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4

X
 (L

a 
+ 

A
c)

Ye

By M. Tanaka 
See talk by Tanaka-kun 
       for more details	

•  Roughly speaking 
1.  For Ye < ~0.25                à  κ~10 cm2/g 
2.  For ~0.25 < Ye < ~0.27   à  κ=O(1) cm2/g 
3.  For Ye >~0.27                  à  κ=O(0.1) cm2/g 
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Ye=np/(np+nn)	

Neutron rich	



II  Scenarios of NS-NS mergers in NR	

NR simulations with EOS of Mmax>2Msun 

      à Likely for Mtot< ~2.8Msun	

BH	 NS	

Total mass of GW170817 is 2.73—2.78 Msun  (90%CL)	



Mass ejection history for MNS formation	

Dynamical ejection
 (determined by dynamical timescale of NS)
                
               MHD/viscous ejection
               (by viscous timescale of remnant)

                                             	

Time after merger	

0                        10                     100                   1000 ms	

Neutrino irradiation (for neutrino emission timescale)           
  Minor effects on mass ejection 
          but play a crucial role for determining Ye	

MNS	 BH	



III Mass ejection from 
GW170817	

Dynamical ejecta � Dynamical ejecta �
Ejecta from remnant 

Massive neutron star 
           + torus �

Viscous effect �



14	

1  Neutrino-radiation hydro for dynamical ejecta 
Stiff EOS (DD2, R~13.2 km): 1.30-1.40 Msun	

Rest-mass  density	

Sekiguchi et al. 2016	

νe
νe
νothers

Neutrino luminosity	Orbital plane	

x-z plane	

Total mass ~ 0.001—0.01 Msun 
 depending on EOS & each mass 
         (mass ratio 0.8—1.0) 	



Good agreement with solar abundance pattern	
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Ye < 0.15	Ye ~ 0.25	

Ye ~ 0.4 
κ~ 0.1cm2/g

κ~ 1cm2/g κ~ 10 cm2/g

lanthanide 



Properties of dynamical ejecta for NS-NS	

u  Very good for r-process nucleosynthesis but                                                          
à κ ~ 10 cm2/g: large value 

u Mass: ~ 0.001—0.01 Msun  
u “Average” velocity:  0.15—0.25c 

     Lmax ~ 1×1041 ergs/s M
0.01M⊙
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Cannot reproduce early shining, but late infrared 	

Infrared	



2  Mass ejection from merger remnant	

•  Realistic remnants = Magnetized massive NS + torus  
in differential rotation                                                     

 
à   MHD turbulence                                                          
à   Viscous hydrodynamics effect plays an important role
à   Viscous radiation hydrodynamics simulation 

(Fujibayashi et al. ApJ ‘18)



Viscous-rad hydrodynamics for post-merger MNS �
(S. Fujibayashi et al.  ApJ 2018)	

Rest-mass density  αv=0.04	

Wide 4500×4500 km 
 FOCUS ON THIS	

300×300 km	

M ~ 0.05 solar mass, v ~ 0.05 c 
Substantial fraction of disk mass is ejected	



Electron fraction distribution by viscosity (total)	
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synthesis	

 κ  < 1 cm2 /g

Neutrino irradiation from MNS

                p+νe → n+ e+

               n+νe → p+ e−
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               (Qian & Woosley, 1996)

t < ~ 1s 
t ~ 2s	



No lanthanide along the line of sight 
from merger remnant ejecta �
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Peak luminosity and peak time           
for the merger remnant ejecta  �

 Lmax ~ 1×1042  ergs/s M
0.04M⊙

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

1/2
v

0.05c
⎛

⎝
⎜

⎞

⎠
⎟

1/2
κ

0.1 cm2 / g

⎛

⎝
⎜

⎞

⎠
⎟

−1/2 f r-proc

10−6

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

  at      t ~ 1 days M
0.04M⊙

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

1/2
v

0.05c
⎛

⎝
⎜

⎞

⎠
⎟

−1/2
κ

0.1 cm2 / g

⎛

⎝
⎜

⎞

⎠
⎟

1/2

                                                  ⇓

      Lmax ~ 1042  ergs/s    &   t ~ 1 days  for  M ~ 4×10−2M⊙

Shine at one day�

bright�

fast�
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IV Model of EM counter part of GW170817 �

Post-merger 
ejecta 

(v ~ 0.05c)	

 v ~0.3c: tension ? 
                 (Waxman et al. ‘17)	
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Dynamical ejecta has very fast component�

Vave ~ 0.2c but  	



Dynamical ejecta:  
Fast (0.15—0.9c) 
R-process synthesis�

Merger remnant ejecta:  
Main heat source 
     Slow (0.01—0.1c) 

Remnant:  
Massive NS + torus 

observer�

Reprocessed emission �
Rotation axis �

~30 degree�



Radiation transfer simulation: good agreement 
 (K. Kawaguchi, M. Tanaka, MS; See talk by Tanaka for details)	



Looks fast (apparently)�

L = 4πσR2T 4

v = R / t

~0.4c @ 1d 
~0.1c @ 7d	



Consistent with radio, optical, X (synchrotron rad) �
Afterglow of the fast tail of merger ejecta 5
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Figure 4. Light curve of the afterglow of GW170817. Left and right panels show the light curves for the equal mass and unequal

mass cases, respectively. The solid circles, triangle, and squares show the radio data (3GHz; Hallinan et al. 2017; Mooley et al.

2017; Margutti et al. 2018), optical data (r-band; Margutti et al. 2018; Lyman et al. 2018), and X-ray data (1 keV; Haggard

et al. 2017; Troja et al. 2017; Margutti et al. 2017, 2018; Ruan et al. 2017; D’Avanzo et al. 2018; Troja et al. 2018). The optical

and X-ray flux densities are multiplied by factor of 10
2
and 10

3
correspondingly. The open circle shows a marginal detection

at 6GHz (Hallinan et al. 2017) corrected to the flux density at 3 GHz assuming a spectral index of �0.55. The solid, dashed,

dotted lines show the theoretical light curve arising from the dynamical merger ejecta for model B, HB, and H, respectively.

Here we assume microphysics parameters, ✏e = 0.1 and p = 2.1, and a viewing angle of 30
�
.

⌫a, ⌫m < ⌫ < ⌫c. Note that, for a given flux density, the
cooling frequency increases by decreasing n and ✏B and
by increasing the velocity for the expected range of the
electrons’ power-law index, 2 < p < 3. In other words,
it depends sensitively on the kinetic energy of the fast
tail. The cooling frequency can be higher than those of
our models if the kinetic energy at velocities faster than
� ⇠ 0.6 is only slightly larger. For instance, the kinetic
energy distribution of Eq. (1) results in ⌫c & 10 keV
at 100 days (Mooley et al. 2017). Note also that the
cooling frequency is much higher for the cocoon models
(Mooley et al. 2017; Nakar & Piran 2018; Margutti et al.
2018; Lyman et al. 2018), that involve an outflow much
faster than the fast tail of the dynamical ejecta (see, e.g.,
Gottlieb et al. 2017; Lazzati et al. 2017; Nakar & Piran
2018).
The X-ray observations around 100 days show that the

X-ray flux density and the photon index in the X-ray
band are consistent with a single power-law spectrum
from the radio to the X-ray bands (Mooley et al. 2017;
Margutti et al. 2018; Ruan et al. 2017; D’Avanzo et al.
2018; Troja et al. 2018). This suggests that the cooling
frequency is above the X-ray band, ruling out models
with much lower cooling frequency, e.g., model H. How-
ever, it should be noted that the estimate of equation (3)
and the cooling frequency used in our light curve mod-
eling are correct only within an order of magnitude. In
fact, Granot & Sari (2002) obtained the spectral breaks
of the afterglows for the Blandford-McKee solution and
found that the cooling frequency was higher by a fac-
tor of & 3 than the simple order of magnitude estimate
(Sari et al. 1998). Therefore, models B and HB for the

equal mass caes can be considered as consistent with the
current observed data. However, a generic expectation
of the dynamical ejecta scenario is that the cooling fre-
quency will cross the X-ray band on a time scale not
much longer than ⇠ 100 days. Therefore further multi-
frequency observations will easily confirm or rule out
this model.
Late-time signal: In addition to the fast moving dy-

namical ejecta, there should be a main, sub-relativistic
ejecta component that have produced the uv/optical/IR
macronova/kilonova signal. As already mentioned the
dynamical ejecta masses of our models, 5 · 10�4–
10�2M�, are much smaller than those estimated from
the macronova observations, ⇠ 0.05M� (e.g., Kasliwal
et al. 2017) This component has the photospheric veloc-
ities of ⇠ 0.1–0.3c and a kinetic energy of ⇠ 1051 erg,
which is also larger than the kinetic energy of the dy-
namical ejecta in our dynamical ejecta models2. Some
other processes, not taken into account in the simula-
tions used in this work, must be responsible for the ejec-
tion of this additional mass.
Considering now the total ejected mass as observed

from the uv/optical/IR macronova, we estimate the
peak time and flux density of this slow component

2 The typical velocity of the macronova ejecta can be slower
than the photospheric velocities of 0.1–0.3c. Numerical simu-
lations show that the velocity of the wind outflows, that we
consider here as the dominant outflow component producing
the macronova/kilonova emission, is typically ⇠ 0.05–0.1c (e.g.,
Fernández & Metzger 2013; Fujibayashi et al. 2017; Siegel & Met-
zger 2017).

Hotokezaka et al. ‘18	

X	

Synchrotron emission  
by fast component  
of dynamical ejecta �
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V  Summary�

•  EM counterparts of GW170817 can be well interpreted 
by numerical-relativity results self-consistently except 
for (tiny-energy) gamma-ray emission 

•  Fully physical argument, not phenomenological (artificial) 
•  Too good, plausible ??  The reason for the agreement is 
² We know the initial condition of the merger well, so 

that we can get correct results by accurate simulation 
•  Next observation hopefully would confirm this fact 
•  Note however that the next observational results could 

be significantly different from the GW170817 



Dynamical ejecta:  
Fast (0.15—0.9c) 
R-process nucleosynthesis �

Merger remnant ejecta:  
main heat source 

Remnant 
MNS + torus 

Observer: GW170817 �

Reprocessed emission �
Rotation axis �

~30 degree�

Red, late	


