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Outline of lecture I	

1.  Motivation & background for studying 
neutron-star (NS) mergers 

2.  Inspiral toward merger 
3.  The standard scenario of NS-NS mergers  
4.  Scenarios of black hole-NS mergers 
5.  Gravitational waves from neutron-star mergers 

Lecture II:  
Mass ejection and electromagnetic counterparts	



1   Introduction: Motivation  
 

Why we study NS mergers ? 
 

Why it is interesting ?   



Compact neutron-star binary formation        
--Typical formation scenario  (Mapelli’s talk) -- 
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Evolve by 
 GW emission 
  
Tidal deformation 
   at  r ~ 40-50 km 
 
Merger	sets in   
   at   fGW ~ 1 kHz 

Once formed: Evolution of compact binaries is 
governed entirely by gravitational radiation  

r  >> M 

GW orb~t t Dynamical   
  evolution 
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Compact NS-NS system in our galaxy	

Ø Total Mass of NS in compact NS-NS is in a narrow range,  
m ≈ 2.7 ± 0.2 Msun and for many, m < 2.8 Msun  

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       0.181    2.57        1.34    1.23       17 
6.  J1906+746   0.166     0.085    2.61        1.29    1.32       3.1 
7.  J1913+1102 0.206     0.090    2.875      1.65    1.24       5.0 
8.  J1757-1854  0.184     0.606    2.74        1.35    1.39       0.77 
9.  J1946+2052 0.078     0.064    ~2.50     ~1.2    ~1.3        0.46   

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

×108 yrs 
lifetime Orbital  

 period	 Eccentricity	 Each  mass	



Properties of compact binary neutron stars 
in our galaxy	

•  First-born NS has relatively low magnetic field strength 
(~109—1010 G) and fairly short period ~15—100 ms 
reflecting the accretion history from companion, but 
current dimensionless spin is <~0.05; not very large 

•  Second-born NS has typical magnetic field strength  
(~1012G) and typical period ~ 0.1—a few second (slow) 

•  Estimated merger rate in our galaxy is 42+30
-14 Myr-1                                        

à 0.18+0.13
-0.06 (D/100Mpc)3 yr-1 (Pol et al. 2018) 

ü cf, estimated merger rate according to O2 results is 
1.54+3.20

-1.22 (D/100Mpc)3 yr-1 (Abbott et al. 2017) 
•  In any case, we may expect >1/yr merger for D=200 Mpc  



Why we study NS merger ? 

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

KAGRA	 LIGO:Hanford	 VIRGO	



Sensitivity of LIGO & VIRGO O2	
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PRL 119, 141101	
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LIGO:Hanford	 VIRGO	

Why we study NS merger ? 

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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Numerical relativity simulation	

Gravitational waves from NS mergers 
are likely to tell us NS radius 	



NS Radius measurement from GW170817 event	
arXiv:	1805.11581	

Radius = 10 ~ 13 km	
•  Detector noise is still too large for accurate measurement  
          but show it a promising method for near future 
•  Future needs accurate templates of gravitational waves 



Why we study NS merger ? 

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 

KAGRA	

?	



  Short γ-ray bursts (SGRBs) 
•  High luminosity  ~ 1049—1050 ergs/s 
•  Short: Δt < ~2 sec (see next page)à  NS merger ?  
v Coincident detection of gravitational waves & SGRB 

will solve this issue, but jet is collimated so it would 
not be easily achieved à Theoretical prediction for 
observations of circumstantial evidence plays a role 

 

?	
BH +  
compact torus	
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GW170817 and a gamma-ray burst ?	

From www.ligo.org	

Gamma-ray by Fermi/GBM	

Gravitational waves by LIGO/Livingstone 
Detection of GWs from inspiraling neutron stars 	

Energy is too small to regard it as GRB 
                 ~1046 ergs/s	



Synchrotron emission from relativistic outflow	GW170817A a hundred days after merger 5

FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 160 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in fact
a real detection (and the earliest radio detection of GW170817). Filled dia-
monds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For day 9 we
show the actual data from Tanvir et al. (2017); Soares-Santos et al. (2017);
Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day 15 we show
the extrapolated values from the best fitting model from Villar et al. (2017).
Black dashed line: F⌫ / ⌫-�XR afterglow component with �XR = 0.6 that best
fits the observations at 110 d and 160 d. Dashed red and blue lines: same af-
terglow model renormalized to match the observed flux level at 15 d and 9d.
Dotted line: best fitting KN component. The SED at 15 d and 9 d have been
rescaled for displaying purposes. The HST observations from Lyman et al.
(2018) obtained at 110 d (filled diamonds) are shown here for comparison but
have not been used in our fits.

As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t  15 d, from which we conclude
that the observed non-thermal radiation from GW170817 at
t < 115 d is always dominated by emission from material with
relatively small �⇠ 3 - 10.

These findings are consistent with the picture favored by

magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).

Mooley et al. (2017) (see also Salafia et al. 2017; Kasli-
wal et al. 2017; Hallinan et al. 2017; Nakar & Piran 2018)
of emission from a quasi-isotropic mildly relativistic fireball
with stratified ejecta and no surviving ultra-relativistic jet (i.e.
their “choked jet cocoon" scenario), but do not represent a
unique prediction from this model as we detail below (see also
Nakar & Piran 2018 for an independent study that reached
a similar conclusion). A value � ⇠ 3 - 10 is significantly
smaller than the initial � ⇠ a few 100 inferred for the lu-
minous SGRBs, which are powered by ultra-relativistic jets
seen on axis (which have consistently larger inferred values
of p Fong et al. 2015). However, one expects that even a
blast wave with large energy Ek,iso ⇠ 1052 erg propagating in
a low density medium with n ⇠ 10-4 - 10-5 cm-3 will have
decelerated to � ⇠ 4 - 5 by ⇠ 110 d since merger, i.e., the
shock is mildly relativistic, in excellent agreement with the
estimate above based on the physics of particle acceleration at
shocks. Current observations are thus also consistent with a
scenario where the BNS merger successfully launched an out-
flow with a collimated ultra-relativistic core (initially point-
ing away from our line of sight) and less collimated mildly-
relativistic wings that dominate the early emission (i.e. the
“successful structured jet" model of Sec. 3.3; Jin et al. 2017;
Kathirgamaraju et al. 2018; Lamb & Kobayashi 2017; Lazzati
et al. 2017c; Murguia-Berthier et al. 2017a; Troja et al. 2017b,
2018; D’Avanzo et al. 2018). In this latter scenario the emis-
sion that we observe is also always dominated by radiation
from ejecta with relatively small � at all times.

We conclude that the observed optically-thin non-thermal
spectrum clearly identifies the nature of the emission as syn-
chrotron radiation from a population of electrons accelerated
at trans-relativistic shocks with � ⇠ 3 - 10. This property,
however, is common to both successful structured-jet scenar-
ios and choked-jet scenarios and does not identify the nature
of the relativistic ejecta.

3.2. Off-Axis Relativistic Top-Hat Jets
The late onset of the X-ray and radio emission of

GW170817 rules out relativistic jets with properties similar
to those of SGRBs seen on-axis (Alexander et al. 2017; Hag-
gard et al. 2017; Hallinan et al. 2017; Kasliwal et al. 2017;
Margutti et al. 2017a; Troja et al. 2017b; Mooley et al. 2017;
Ruan et al. 2017; Granot et al. 2017; Fraija et al. 2017). Rel-
ativistic jets originally pointing away from our line of sight
can instead produce rising X-ray and radio emission as they
decelerate into the ambient medium (see e.g. Granot et al.
2002).

We first consider top-hat relativistic jets, i.e. jets character-
ized by a uniform angular distribution of the Lorentz factor
within the jet �(✓). This is the simplest jet model and likely
an over simplification of real jets in BNS mergers (e.g. Aloy
et al. 2005; Duffell et al. 2015; Lazzati et al. 2017b; Gottlieb
et al. 2018; Kathirgamaraju et al. 2018). The simple top-hat
jet model is expected to capture the overall behavior of the ob-
served synchrotron emission from relativistic electrons at the
shock fronts only after the core of the jet enters into our line
of sight, leading to a peak of emission. Before peak, top-hat
jets will underpredict the observed emission when compared
to structured jets with similar core (Sec. 3.3), i.e. jets with
with non-zero �(✓) in higher-latitude ejecta at ✓ > ✓ j.

Figure 2 shows an update of our modeling of GW170817
with top-hat jets following the same procedure as in Alexan-
der et al. (2017); Margutti et al. (2017a); Guidorzi et al. (2017)

LATE-TIME BEHAVIOR OF GW 170817 3

We obtained one orbit of HST observations with the Ad-
vanced Camera for Surveys (ACS) Wide Field Camera on
2018 March 23 UT using the F606W filter (PID: 15329; PI:
Berger). We analyze the data in the same manner as our 2018
January observation described in Margutti et al. (2018). We
do not detect a source at the position of GW170817 and de-
termine the limiting magnitude by injecting point sources of
varying luminosities at the position of GW170817 and then
performing galaxy subtraction using GALFIT v3.0.5 (Peng
et al. 2010) to model and remove the large-scale surface
brightness profile of NGC 4993. We measure a 3� limit
of mF606W & 27.1 mag, calibrated to the ACS/F606W AB
magnitude zeropoint provided by STScI. After correcting for
a Galactic extinction of E(B - V ) = 0.105 mag (Schlafly &
Finkbeiner 2011), this corresponds to mF606W & 26.8 mag.
Relative to our detection in 2018 January with mF606W =
26.60± 0.25 mag (Margutti et al. 2018), and the 2017 De-
cember detection from Lyman et al. (2018) with mF606W =
26.44±0.14 mag, the new limit is indicative of declining or
flat optical brightness.

We also subtracted the 2018 January and March images us-
ing the HOTPANTS package (Becker 2015). After perform-
ing forced aperture photometry at the position of GW170817,
the residual flux in the subtracted image does not differ sig-
nificantly from zero. This is consistent with the March upper
limit derived above and does not preclude a fading source,
but a definitive decline in the optical brightness relative to
the January detection cannot be claimed.

2.3. Chandra Observations

The Chandra X-ray Observatory (CXO) started observing
GW170817 on 2018 May 03, starting at 10:41:26 UT (t ⇡
259 days after merger) for a total exposure time of 50.8 ks (PI
Wilkes; program 19408644; observation ID 21080). Chan-
dra Advanced CCD Imaging Spectrometer (ACIS)-S data
were reduced with the CIAO software package (v4.9) and
relative calibration files, applying standard ACIS data filter-
ing. An X-ray source is clearly detected with wavdetect
at the location of GW170817 with significance of 13.8� and
count-rate (7.75± 1.28)⇥ 10-4 cs-1 in the 0.5-8 keV energy
band. A second Chandra observation was acquired on 2018
May 05, 01:25:30 UT (ID 21090, exposure time of 46.0 ks).
GW170817 is detected with confidence of 14.75� and 0.5-8
keV count-rate of (8.31±1.37)⇥10-4 cs-1.

For each observation we extract a spectrum using a source
region of 1.500 and a background region of 2200. We employ
Cash statistics and fit the joint spectrum with Xspec with an
absorbed power-law model with index � and Galactic neu-
tral hydrogen column density NHmw = 0.0784 ⇥ 1022 cm-2

(Kalberla et al. 2005). Using Markov chain Monte Carlo
(MCMC) sampling to constrain the spectral parameters we
find � = 1.51+0.26

-0.27 and no statistical evidence for intrinsic
neutral hydrogen absorption (NHint < 1.2⇥ 1022 cm-2 at 3�
c.l.). For these parameters, the 0.3 - 10 keV flux is (11.3 -

Figure 1. Up-to-date X-ray, optical, and radio light curves of
GW170817 (solid circles; open circles are the new data presented
in Dobie et al. 2018). The data are clearly indicative of a decline at
& 200 days. Also shown are our structured jet models from Margutti
et al. (2018); see Xie et al. (2018) for full details of the simulations.
Both jets have an ultra-relativistic core with EK,iso = 6 ⇥ 1052 erg
within an opening angle ✓jet = 9�. The solid lines are for a model
with n = 10-5 cm-3, ✓obs = 17�, ✏e = 0.1, and ✏B = 0.0005, while
the dashed lines are for n = 10-4 cm-3, ✓obs = 20�, ✏e = 0.02, and
✏B = 0.001. Our new radio, optical, and X-ray observations continue
to support these models.

15.6)⇥ 10-15 ergs-1cm-2 (1� c.l.), and the unabsorbed flux
is (12.3 - 16.9)⇥ 10-15 ergs-1cm-2. Finally, we investigate
the presence of temporal variability on short timescales and
conclude that there is no evidence for statistically significant
temporal variability on timescales � 1 ks.

3. RESULTS AND COMPARISON TO MODELS

The X-ray, optical, and 3 and 6 GHz radio light curves are
shown in Figure 1, together with our successful structured
jet models previously presented in Margutti et al. (2018) and
Xie et al. (2018). Both radio light curves show clear evi-
dence of a decline at & 200 days; the 3 GHz flux density
at 289 days is about a factor of 3 times fainter than its peak
brightness at 163 days. To quantify the significance of this
turnover, we scale all radio data from Table 1 and previous
results (Alexander et al. 2017; Hallinan et al. 2017; Dobie
et al. 2018; Margutti et al. 2018; Mooley et al. 2018a) to
a common frequency of 5.5 GHz using a spectral index of
� = -0.585 (Margutti et al. 2018) and fit the resulting light

Single power law 
   consistent with 
synchrotron emission	

Margutti et al 2018 
Alexander et al. 2018 

Radio + X observation	

Relativistic jets 
are likely 
launched 	



Superluminal motion of radio counterpart of 
GW170817: an evidence for relativistic jet	

β  ∼ 4.1
Mooley + ‘18	

However, still no direct evidence for highly relativistic jet. 
Coincident detection of GW and GRB remains a future issue.	



Why we study NS merger ? 

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.  Promising site for heavy elements produced by 

rapid neutron-capture process (r-process) 

KAGRA	

?	



Pagel (1997)	
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Elements formed by  
   rapid & slow  
neutron captures	

Origin of heavy elements? 	



Origin of heavy elements for A >~ 80	

•  Mass is likely to be increased by neutron capture 
•  Slow process: τβ < τn capture 

ü This is believed to occur in an evolved star 
•  Rapid process: τβ > τn capture 

ü The origin for this is still unsolved 
ü Neutron-star mergers are among the promising 

candidates	



τn−capture < τβ−decay

τn−capture ~ τ photo dissociation

Neutron number	
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Stable nuclei	

Snedin et al. ARAA  2008	



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

•  People long believed that core-collapse supernovae 
(CCS) would be the synthesis site for r-process elements 
(textbooks say usually so) 

•  Latest CCS simulations indicate heavy r-elements are 
unlikely to be synthesized (Wanajo, Janka, Roberts …) 

•  NS merger is another potential candidate           
(Lattimer & Schramm 1974, Eichler et al. 1989)	



Schematic picture of NS mergers   
Metzger &  Berger,  2012	
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Many unsolved issues are being solved by 
observing gravitational waves & 

electromagnetic signals from                   
neutron-star mergers

&
Numerical relativity plays a key role            

in this business

 

Summary of Introduction	



2  Inspiral toward merger	

•  Consider a binary in a large orbital separation, which 
evolves by gravitational-radiation reaction 

R1	
a >> R1,2	

m1	
m2	

R2	

For distant orbits, compact stars can be treated  
   as point particles (we do not care BH or NS)	



Evolution of two point masses in circular orbits 
by gravitational radiation �

u  Newtonian motion + Quadrupole formula�
Quadrupole formula gives
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Ratio of radiation reaction time to orbital period �
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•  Binary orbits are mostly adiabatic (not dynamical)
Ø  For NS-NS, the radiation reaction timescale is 

always longer than the orbital period 
    à The orbits are always adiabatic (quasi-circular)
Ø  For spinning BH-NS, for which a can be smaller 

than 6GM/c2, the radiation reaction timescale may 
be shorter than the orbital period before ISCO



“Quasi-circular
 orbits” is seen

Boyle et al.  PRD 2007	

The first realistic 
run for BH-BH
by Caltech-Cornell	



Gravitational waves in the late inspiral phase 
of binary neutron stars	
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LIGO & VIRGO O2 @ GW170814, GW170817	
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Post-Newtonian corrections cannot be neglected �
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E.g.,   if  tgw = 74 sec  &  f0 = 27Hz,  then  M ≈1.19M⊙

Post-Newtonian parameter	

GW170817: initial announcement	
Assume no spin	

η ≈ 0.245−0.25 for typical binary neutron stars



An important property of chirp mass �
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Post-Newtonian corrections up to 1.5PN order�
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:  spin parameter,      A : constant of O(1)

0.7 ≤
M 2

M1

≤1    or    0.242 ≤η ≤ 0.250   (2σ  level)

GW170817: Assuming |χ| < 0.05: reasonable assumption	

Degeneracy between χ and η occurs 
à Constraint to mass ratio is not very strong 
              (Cutler & Flanagan 1994)	



Constraint for each mass of GW170817	

From M and q, we obtain a measure of the component
masses m1 ∈ ð1.36; 2.26ÞM⊙ and m2 ∈ ð0.86; 1.36ÞM⊙,
shown in Fig. 4. As discussed in Sec. I, these values are
within the range of known neutron-star masses and below
those of known black holes. In combination with electro-
magnetic observations, we regard this as evidence of the
BNS nature of GW170817.
The fastest-spinning known neutron star has a dimension-

less spin≲0.4 [153], and the possible BNS J1807-2500B has
spin≲0.2 [154], after allowing for a broad range of equations
of state. However, among BNS that will merge within a
Hubble time, PSR J0737-3039A [155] has the most extreme
spin, less than ∼0.04 after spin-down is extrapolated to
merger. If we restrict the spin magnitude in our analysis to
jχj ≤ 0.05, consistent with the observed population, we
recover the mass ratio q ∈ ð0.7; 1.0Þ and component masses
m1 ∈ ð1.36;1.60ÞM⊙ andm2 ∈ ð1.17; 1.36ÞM⊙ (see Fig. 4).
We also recover χeff ∈ ð−0.01; 0.02Þ, where the upper limit
is consistent with the low-spin prior.
Our first analysis allows the tidal deformabilities of the

high-mass and low-mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the
post-Newtonian waveform model for the high-spin and

low-spin priors. As a comparison, we show predictions
coming from a set of candidate equations of state for
neutron-star matter [156–160], generated using fits from
[161]. All EOS support masses of 2.01 # 0.04M⊙.
Assuming that both components are neutron stars described
by the same equation of state, a single function ΛðmÞ is
computed from the static l ¼ 2 perturbation of a Tolman-
Oppenheimer-Volkoff solution [103]. The shaded regions in
Fig. 5 represent the values of the tidal deformabilitiesΛ1 and
Λ2 generated using an equation of state from the 90% most
probable fraction of the values ofm1 andm2, consistent with
the posterior shown in Fig. 4. We find that our constraints on
Λ1 and Λ2 disfavor equations of state that predict less
compact stars, since the mass range we recover generates
Λ values outside the 90% probability region. This is con-
sistent with radius constraints from x-ray observations of
neutron stars [162–166]. Analysis methods, in development,
that a priori assume the same EOS governs both stars should
improve our constraints [167].
To leading order in Λ1 and Λ2, the gravitational-wave

phase is determined by the parameter

~Λ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

ðm1 þm2Þ5
ð1Þ

[101,117]. Assuming a uniform prior on ~Λ, we place a 90%
upper limit of ~Λ ≤ 800 in the low-spin case and ~Λ ≤ 700 in
the high-spin case. We can also constrain the functionΛðmÞ
more directly by expanding ΛðmÞ linearly about m ¼
1.4M⊙ (as in [112,115]), which gives Λð1.4M⊙Þ ≤ 1400
for the high-spin prior and Λð1.4M⊙Þ ≤ 800 for the low-
spin prior. A 95% upper bound inferred with the low-spin
prior, Λð1.4M⊙Þ ≤ 970, begins to compete with the 95%
upper bound of 1000 derived from x-ray observations
in [168].
Since the energy emitted in gravitational waves depends

critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able to
place a lower bound on the energy emitted before the onset
of strong tidal effects at fGW∼600Hz asErad > 0.025M⊙c2.
This is consistent with Erad obtained from numerical
simulations and fits for BNS systems consistent with
GW170817 [114,169–171].
We estimate systematic errors from waveform modeling

by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [124] aug-
mented with tidal effects extracted from numerical relativity
with hydrodynamics [172]. This does not change the
90% credible intervals for component masses and effective
spin under low-spin priors, but in the case of high-spin priors,
we obtain the more restrictive m1 ∈ ð1.36; 1.93ÞM⊙, m2 ∈
ð0.99; 1.36ÞM⊙, and χeff ∈ ð0.0; 0.09Þ. Recovered tidal
deformabilities indicate shifts in the posterior distributions
towards smaller values, with upper bounds for ~Λ and
Λð1.4M⊙Þ reduced by a factor of roughly (0.8, 0.8) in the

FIG. 4. Two-dimensional posterior distribution for the compo-
nent massesm1 andm2 in the rest frame of the source for the low-
spin scenario (jχj < 0.05, blue) and the high-spin scenario
(jχj < 0.89, red). The colored contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by the uncertainty inM. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M⊙) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent with
the masses of all known binary neutron star systems.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-6

PRL 119 161101	

Mtot=2.73—2.78 
         solar mass	

It is not easy to accurately  
determine each mass 
à Developing methods to  
     infer spin/mass ratio  
            is important	

Astronomically reasonable	



3  Standard scenario for NS-NS merger in NR	

•  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 ~ 2.5—2.8 solar mass  (but higher mass exists) 
Ø  Merger typically results in high-mass neutron stars 

(not BH) (Shibata et al. 2005, 2006, Hotokezaka et al. 2011,.. many work) 

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, Bauswein 2013, Bernuzzi et al. 
2015.. many similar work of similar conclusion) 

Ø  During the merger, neutron-rich matter is dynamically 
ejected with mass of 0.001—0.01 solar mass                
(Hotokezaka et al. 2013, Bauswein 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	
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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 Mmax,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 Mmax <⇠ m <⇠ Mmax,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 <⇠ Mmax, 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 
Many similar work after that 

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	



Threshold mass for the prompt collapse to a BH	

Koeppel et al. 2019	

Compactness of non-rotating Maximum mass star	

MTOV ~ 2.1-2.4 solar 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	
Note: for J1913+1102, total mass~2.88 solar mass 	



Merger remnants and their evolution	

ü Remnant is either a massive neutron star (MNS) or a 
black hole (BH), but MNS is more likely

ü In either case, in general, a massive torus is likely to 
surround the central object 

•  Remnant MNS and torus are expected to be 
differentially rotating and strongly magnetized             
à Subject to magneto-hydrodynamics effects such as 
magnetorotational instability and magnetic winding 

•  MHD and resulting viscous effects are likely to be  
the driving force for the evolution of merger remnants 
à Need MHD/viscous simulations in NR (later)	



Evolution processes in the post-merger phase	

BH + torus	
GRB ?	

Viscous angular
momentum transport	Viscous heating

Mass ejection ?	

Outflow ?	

Viscous angular
momentum transport	Viscous heating

MNS + torus	

Numerical relativity plays an important role for exploration	



4    Scenarios for BH-NS merger	

•  Almost no observational constraints but for 
black hole mass which is likely >~ 5Msun                             
à Wide parameter space has to be explored 

•  Fate = two possibilities:                   
1.  Tidal disruption of NS  
2.  Plunge of NS into BH 
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Two possibilities:  Tidal disruption or not	

•  For tidal disruption 
v Large NS Radius   or  
v Small BH mass      or 
v High corotation spin 
     is necessary 

BH	 NS	

ISCO 

NS	

For  tidal  disruption,  Self gravity of NS( ) < BH tidal force( )
                                                 ⇓
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BH	
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GW170817 indicates that NS radius  
would not be very large	



Mode detail about tidal force	

NS	

RNS	

BH	

GMBH

(r − RNS)
2

GMBH

(r + RNS)
2

GMBH

r2

r	

This balances with 
 centrifugal force	

Residual=
GMBH

(r − RNS)2
−
GMBH

r2

      ~
2GMBHRNS

r3
: tidal  force

NS	

View from center of NS	



BH-NS with aligned BH spin 
MBH=6.75Msun 
a=0.75 
MNS=1.35Msun 
R=11.1 km 

MBH=4.05Msun 
a=0 
MNS=1.35Msun 
R=11.0 km 



BH-NS with aligned BH spin 
MBH=6.75Msun 
a=0.75 
MNS=1.35Msun 
R=11.1 km 

Kyutoku et al. 2011, 2015	

MBH=4.05Msun 
a=0 
MNS=1.35Msun 
R=11.0 km 



For tidal disruption of plausible BH-NS with  
MNS=1.35Msun, RNS ~ 12 km,  &  MBH > 6 Msun	

High BH spin is necessary  > ~ 0.5	
Foucart et al. (‘13,14,…);  Kyutoku et al. (‘15)	

Ø  Natural conclusion: BH-disk systems formed as a 
remnant should have a high BH spin 
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ISCO radius as a function of a/M	

 
 
 
 
 
 
 
 
 

  

Horizon radius	

corotating	

counter rotating	



Merger remnants	

ü Remnant is either a black 
hole surrounded by a torus 
(or simply BH)

•  Torus is subject to 
magneto-hydrodynamics 
instabilities such as MRI

•  The resulting viscous 
effects are likely to be the 
driving force for the 
evolution of the merger 
remnants (Fernandez& 
Metzger ’13-15, Just et al. ‘15)	

BH + torus	

GRB ?	

Viscous angular
momentum transport	 Viscous heating



5  Gravitational waves  �
from neutron-star mergers:�
Promising experimental site 
for exploring neutron-star 

equation of state	



Merger =>  
Massive NS	

Black hole/MNS  
+  torus  à  GRB?	

Post  merger 
Massive NS/BH 
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Imprint of EOS on late inspiral waveform
       In a binary system,  the tides raised on each NS  
               depend on the deformability of that NS: 

Courtesy		J.	Friedman	

Stiff  EOS = lager  radius  =  large  deformability	

Soft  EOS = small  radius  =  small  deformability	

φ ~ −GM
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−
3GIij

TFnin j

2r3
: Iij

TF =O r−3( ) Lai et al. 
(1994)	



Tidal deformability	
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Λ :  dimensionless tidal deformability of O(100)-O(1000) 
             for neutron stars of mass ~1.4 solar mass

Tanja Hinderer will talk more details:  
Note: I here do not care numerical factor	

Newtonian potential	



Gravitational waveform from NS-NS:  
hybrid waveforms (1.35-1.35 solar mass)	
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Hotokezaka et al. 2016 (see also many efforts by Bernuzzi,…2011–)	



Spectrum	
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Late inspiral	

The difference is 
determined primarily by  
binary tidal deformability  

                 Λ	

Post-merger	

Figure for total SNR=34
  for one detector	
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What is nice in this ejection is that for the high latitude,
the fraction of neutron-rich matter is small (see Figs. 3
and 6). If the turbulent state of the remnant massive star
is su�ciently enhanced and the resulting e↵ective viscous
parameter is su�ciently large as ↵vis & 0.04, the ejecta
mass in this mechanism could be > 0.02M�.

Since the torus surrounding the central massive neu-
tron star is also di↵erentially rotating, viscous mass ejec-
tion from the torus is driven for a long time scale of ⇠ 1–
10 s following the early viscous ejection. In the relatively
early phase of this viscous ejection, this mass ejection
proceeds toward the polar direction because of the pres-
ence of a strong heat source near the remnant massive
neutron star [42]. The typical ejecta velocity is vej = 0.1–
0.2c depending weakly on the values of ↵vis. The neutron
richness of this ejecta component is not high, Ye & 0.4,
because of the strong neutrino irradiation from the rem-
nant neutron star, and hence, this ejecta component is
not likely to be a major source of the electromagnetic
emission as already mentioned in Sec. II B.

In the late phase of the viscous mass ejection (t > 1 s),
the mass is ejected in a quasi spherical manner with the
average mass ejection rate of 10�3

M�/s and with slow
velocity . 0.05c. For this component, the value of Ye is
0.3-0.4. Thus, we may expect a weak lanthanide contam-
ination and a presence of strong heating source. If this
mass ejection continues for⇠ 10 s (i.e., if the massive neu-
tron star does not collapse to a black hole in ⇠ 10 s), the
ejecta mass also could be ⇠ 0.01M�. All these specula-
tions (based on our numerical-relativity simulations) sug-
gest that in this model, the mass of the mildly neutron-
rich viscous ejecta with the velocity 0.1–0.2c could be
& 0.03M� in total for ↵vis & 0.04.

Since most of these viscous ejecta are not extremely
neutron-rich with Ye & 0.25 and thus the nucleosynthesis
of lanthanide elements would be suppressed, the opacity
of the viscous ejecta is likely to be  ⇠ 1 cm2

/g [9, 28,
30]. In particular for the ejected matter located near
the polar region and for the high latitude, the value of
Ye is always high (see Figs. 3 and 6). This indicates
that if the observer is not located near the binary orbital
plane, the e↵ect of the lanthanide curtain influenced by
the dynamical ejecta could be avoided. Then, if the mass
of the viscous ejecta is su�ciently high as ⇠ 0.03M�
(i.e., ↵vis is su�ciently large ⇠ 0.04), the electromagnetic
observations for GW170817 can be naturally interpreted.

One unclear point in the early viscous ejection is that
we do not know whether ↵vis is really su�ciently large
⇠ 0.04, i.e., a su�ciently strong turbulence state is real-
ized, or not, although ↵vis ⇠ 0.04 is a reasonable magni-
tude for turbulent fluids. To assess the validity of this sce-
nario, in the future, we need to perform a high-resolution
MHD simulation for the merger and post-merger of bi-
nary neutron stars, in which several MHD instabilities
such as Kelvin-Helmholtz and magneto-rotational insta-
bilities are well resolved. We note that if the initial torus
mass of the merger remnant is higher (e.g., for the merger
of significant binary mass asymmetry), the ejecta mass

of ⇠ 0.03M� may be achieved for a smaller value of ↵vis.
Thus, the required value for ↵vis may be smaller.

IV. DISCUSSION

A. Perspective for constraining the neutron-star

EOS through measuring tidal deformability

In Sec. III, we proposed a model suitable for in-
terpreting the observational results for the electromag-
netic signals of GW170817. Our analysis suggests that
the neutron-star EOS would be sti↵ enough (i.e., the
maximum mass for cold spherical neutron stars is large
enough) to produce a long-lived massive neutron star af-
ter the merger for the total mass m & 2.73M�. However,
this suggestion primarily constrains the maximum mass
of cold neutron stars, not neutron-star radius.
One of the most promising methods to narrow down

the possible EOS candidates by constraining the typical
radius of neutron stars is to measure the tidal deforma-
bility of neutron stars through the gravitational-wave ob-
servation of the late inspiraling signals of binary neutron
stars (e.g., Refs. [57–61]). For an event of S/N ⇡ 30
to LIGO O2 sensitivity (for which the sensitivity for a
high-frequency band & 400Hz is not as good as for the
lower-band [62]), the binary dimensionless tidal deforma-
bility, ⇤, would be distinguished up to �⇤ ⇡ 400 at 2-�
level by analyzing gravitational waves from binary neu-
tron stars in close orbits [57, 61]. Here, ⇤ is defined by

⇤ =
8

13


(1 + 7⌘ � 31⌘2)(⇤1 + ⇤2)

�
p
1� 4⌘(1 + 9⌘ � 11⌘2)(⇤1 � ⇤2)

�
, (4.1)

and ⇤1 and ⇤2 are each dimensionless tidal deformabil-
ity in binaries. It is known that for a given value of the
chirp mass, ⇤ depends very weakly on mass ratio (see,
e.g., the last four data in each raw of Table I) [63]. The
gravitational-wave observation of GW170817 preliminary
suggests that ⇤ is small thanXXX at 2-� level [1]. Thus,
the DD2 EOS is marginally acceptable. The error size for
this observational result is consistent with the analysis of
Refs. [57, 61]. We note that this observational result sug-
gests that the neutron-star radius of mass 1.35M� should
be smaller than ⇠ 13 km with 2-� level (see Table I).
For the SFHo EOS in which the typical neutron-star

radius is R ⇠ 12 km, the maximum mass of cold spheri-
cal neutron stars is Mmax ⇡ 2.06M�. For such a type of
EOS, long-lived massive neutron stars cannot be formed
after the merger for m & 2.7M�. However, if Mmax is
appreciably larger than 2M� for an EOS of R . 12 km
due to significant sti↵ening of the EOS for the supra-
nuclear-density region like in the EOS of Ref. [64] (for
which Mmax ⇡ 2.21M� and R ⇠ 11.5 km), a long-lived
massive neutron star may be formed after the merger for
m & 2.73M�. The maximum mass cannot be increased



GW170817	

•  100 < Λ < 800 at 2σ level (for χ < 0.05)                   
à ~11 km < R < ~ 13 km 

•  Error is still not small: To get stronger constraints for 
Λ,  we may need an event of high SNR >> 30 ?          
In particular, improvement of the sensitivity in the     
f > 400 Hz band is required 

•  Better template for numerical relativity is also 
necessary in future [current systematic error is O(10) 
and smaller than by the detector’s noise] 

•  Independent data analysis by many groups would 
be necessary and quite important (when analyzing 
noisy data) 



Spectrum	
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Clear correlation between peak and radius	

Ours	Peak 
frequency	

Radius  of  1.6 solar-mass NS	

At  one  lucky  event  	

Bauswein & Janka ‘12	

f ∝ GM
R3

NS radius   
could be   
constrained 
with ~ 1km 
  error	

See also Rezzolla et al,…
Popular field ? in Germany



Current issues for NS-NS (theoretical side)	
•  For late inspiral phase (clean system):                                

Need to construct accurate measurement templates                         
à  high-resolution numerical relativity simulations 
for a wide range of (m1, m2, Λ1, Λ2, s1, s2)    + 
sophisticated modeling (e.g., TEOB) are necessary 
(effort is ongoing by several groups) 

•  For the post-merger phase (many physics play roles): 
Careful physical modeling is necessary:                  
Most of previous studies have neglected systematics 
which could be significant (à section 5c)



5b  BH-NS:  Signal of tidal disruption 

BH   
ringdown  

sudden  
shutdown  

Green=Tayloy T4 

Tidal  disruption=Stiff  EOS	

Weak  tidal  disruption=Soft  EOS	
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Current issues for BH-NS (theoretical side)	

•  Numerical relativity is obviously necessary
•  A wide parameter space: mass*2, black hole spin, 

equation of state, spin misalignment
•  There are only two groups currently working in this
•  More simulations are urgently required



5c   Viscous hydrodynamics for�
post-merger of NS-NS	

v  Physical state for the merger remnants ?
•  Massive neutron stars (MNS) are typical remnants
•  MNS are magnetized & differentially rotating
   à  subject to MHD instabilities 
•  MHD simulations suggest that magnetic fields would 

be significantly amplified by Kelvin-Helmholtz 
instability and subsequent quick winding                  
(e.g., Price & Rosswog, ‘06, Kiuchi et al. ‘14, ’15, ‘17)                                  

    à  turbulence could be induced



High-resolution GRMHD for NS-NS	

Δx=17.5m	 Δx=70m	

Kelvin-Helmholtz instability:  
 à  Magnetic field should be amplified by winding 

 à  Quick angular momentum transport ? (not yet seen)	

Kiuchi et al. 2015	



Please pay attention only to blue curves	
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τKH ~
λ
v
∝Δx

Purely hydrodynamics or radiation hydrodynamics  
       is not likely to be appropriate for this problem 



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

magnetic field is quickly amplified	

à further shear motion à turbulence �
à turbulent (effectively global) viscosity	



Current status in this issue	

•  High-resolution MHD simulation indicates that 
obviously better resolved simulation is needed        
à But it is not feasible due to the restriction of the 
computational resources (in future we have to do)

 
•  One alternative for exploring the possibilities is GR 

viscous hydrodynamics   (Shibata et al. ‘17)

ü Note that we do not know whether viscous hydrodynamics can 
appropriately describe the state resulting from turbulence fluid: 
But, viscous hydrodynamics would be able to explore one 
possible limiting case.	



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

•  Merger remnant is used as initial condition 
ü H4 EOS (stiff EOS: R=13.5km) 
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

 H (H ~ 10 km): α model 
•  αv parameter = 0.01—0.02 taking into account the 

latest MHD simulation results for accretion disks          
(e.g., by Jim Stone and his colleagues)	

See also recent work by Radice (2017)	

(Shibata & Kiuchi PRD 2017)	



αv=0	αv=0.02	
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Gravitational waveforms	
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Spectrum	
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Short summary on GW and EOS	

•  Late inspiral phase of neutron-star binaries is a 
promising experimental field for NS EOS 

•  Post-merger GWs of NS-NS leading to MNS are also 
invaluable but need better sensitivity of detectors for 
detection (target for 3rd generation detectors ?) 

•  However, note many uncertainties in the post-merger 
GWs à need serious effort for better modeling to 
reduce systematics in theoretical waveforms  

•  If MHD turbulence ≈ viscous hydrodynamics with       
αν ≥ 0.01, evolution of merger remnant of NS-NS would 
be highly different from that by ideal fluid dynamics: 
post-merger gravitational waves could be quite weak 

•  How large is αν ?                                                               
à  High-resolution MHD is necessary in the future 



Masaru Shibata  
 

Max Planck Institute for Gravitational Physics at Potsdam 
 &    Center for Gravitational Physics, Yukawa Institute       

for Theoretical Physics, Kyoto U.  
 
 

Lecture II: �
Mass ejection and 

electromagnetic counterparts 
of neutron-star mergers	



Outline	

I.  Introduction: Why mass ejection is important ? 
II.  Short summary of typical scenarios for merger 

and mass ejection of NS-NS merger
III.  Dynamical mass ejection
IV.   Post-merger mass ejection
V.   Next events ?
VI.  Unsolved issues



I    Introduction: Why mass ejection from 
neutron-star binaries is important ? 

1.  Electromagnetic counterparts of NS merger:           
Key for confirming gravitational-wave detection & 
important for getting information of GW source  

2.  Promising site of heavy r-process nucleosynthesis             
(in particular after detecting GW170817) 

Pagel 
(1997)	

N
=5
0	

N
=8
2	

N
=1
26

	

Not good localization	



kilonova Scenario 
(Li-Paczyski 1998, Metzger et al. 2010)	

•  Neutron-rich ejecta                                               
à Rapid-neutron-capture nucleosynthesis    
 (Lattimer-Schramm ‘74,  Symbalisty-Schramm ’82) 

à  Production of unstable heavy nuclei (A ≥ 90)    

capture decayn βτ τ− −<



R-process nucleosynthesis: white circles=stable nuclei	

Animation	by	S.	Wanajo	



Kilonova Scenario 
(Li-Paczyski 1998, Metzger et al. 2010)	

•  Neutron-rich ejecta                                               
à rapid-neutron-capture nucleosynthesis    
 (Lattimer-Schramm ‘74,  Symbalisty-Schramm ’82) 

à Production of unstable heavy nuclei (A ≥ 90)                    
à  β-decay/fission à Heating ejecta 
à  After adiabatic expansion                                              
à  Optical ~ IR emission 	

τ photon diffusion ≤ τ ejecta expansion

capture decayn βτ τ− −<



Kilonova luminosity & peak time	

ρ =
3M
4πr3

,   v = r
t

,  κ : opacity

diffusion time: tdiff =
1
κρc

× κρr( )
2
=κρr2c−1

If  t > tdiff  photons diffuse out and ejecta shine, 

otherwise low luminosity. Peak comes at t = tdiff :

⇒κρr2c−1 = r
v

 ⇒  3Mκ
4πcr

=
r
v

 ⇒  r = 3κMv
4πc

 ⇒  tpeak =
3κM
4πcv

Lpeak = f
Mc2

tpeak
= fc2 4πcvM

3κ

f = radioactive heating mass fraction ~ 10-6@1 day 
　　and in proportional approximately to t-1.3 

Assume uniformly expanding  
          spherical ejecta	

e.g., Metzger et al. MNRAS 2010	



Heating rate by radioactive decay	
The Astrophysical Journal Letters, 789:L39 (6pp), 2014 July 10 Wanajo et al.
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Figure 5. Heating rates as functions of t (days after the merging) for selected trajectories (top left) and those mass-averaged (top right; also shown are those from
β-decay, fission, and α-decay). In each panel, the heating rates for the solar r-process pattern (q̇solar−r ) and the analytical approximation (q̇analytic) are shown by
black-solid and short-dashed lines, respectively. Lower panels are the same as the upper panels but for those relative to q̇analytic. Long-dashed lines indicate the factor
of two ranges from unity (short-dashed line).
(A color version of this figure is available in the online journal.)

In our result, the total heating rate is dominated by β decays
all the time because of the small ejecta amount of Ye < 0.15.
The radioactive heating after ∼1 day is mostly due to the β
decays from a small number of species with precisely measured
half-lives. Uncertainties in nuclear data are thus irrelevant. The
mass-averaged heating rate for t ∼ 1–10 days is smaller than
q̇analytic and q̇solar−r because of the overabundances near A =
100 (Figure 4, bottom) that do not significantly contribute to
heating. The differences are, however, well within about a factor
of two. In conclusion, if merger ejecta have a solar r-process-
like abundance pattern, q̇solar−r (and q̇analytic) serves as a good
approximation for kilonova emission.10

It is important to note that our merger simulation exhibits
different Ye distributions between the orbital and polar direc-
tions (Figure 3). Multi-dimensional information of nucleosyn-
thetic abundances will be necessary when we discuss the angler

10 These heating rates correspond to the heating efficiency, defined by
f ≡ Q̇ tpeak/Mej c

2 (Q̇, and tpeak are the total heating rate and peak time of a
kilonova transient, Li & Paczyński 1998), of f/10−6 ≈ 1 and 0.5 for tpeak = 1
and 10 days, respectively, with the thermalization factor of 0.5 (Metzger et al.
2010).

dependences of kilonova emission (Roberts et al. 2011;
Grossman et al. 2014).

5. SUMMARY

We examined r-process calculations based on the full GR,
approximate neutrino transport simulation of the NS–NS merger
with the equal masses (=1.3 M⊙) of NSs. In contrast to
previous studies, the merger ejecta exhibited a wide range of
Ye ≈ 0.09–0.45 that led to the nucleosynthetic abundance
distribution being in good agreement with the solar r-process
pattern. Given that the model is representative, our result (with
the present estimate of the Galactic event rate) implies that
NS–NS mergers can be the major origin of all the r-process
elements in the Galaxy.

Our result also indicates that the radioactive heating (which
powers a kilonova transient) after ∼1 day from the merging
is dominated by the β decays of a small number of species
with measured half-lives. The total heating rates are thus
well approximated by the β decays of the solar r-process-like
abundances as well as by the approximation of ∝ t−1.3. Detailed
multi-dimensional information of nucleosynthesis abundances

5

Wanajo et al. 2014	

For efficient heating,  
Ye should be small <~0.4 

~t-1.3	

Superimposition of many decay elements 

 (see, e.g., Hotokezaka, Sari, & Piran 17)	
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3 Key quantities and light curve	

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.

Tanaka & Hotokezaka 2013	
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Among three, opacity has strongest impact	

•  M ~ O(0.001)—O(0.01) solar mass 
•  v ~ O(0.1)c 
•  κ ~ 0.1—10 cm2/g: change by two orders of mag	
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Nucleosynthesis depends on Ye=[p]/([p]+[n])  
(M. Tanaka et al., 1708.09101)	
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Opacity depends strongly on Ye 
 (M. Tanaka et al., 1708.09101)	
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Fraction of lanthanides vs electron fraction	
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•  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 ~ 0.1 cm2/g 

M
as

s f
ra

ct
io

n 
of

 L
an

th
an

id
e 

(+
 a

ct
in

id
e)

	
Atomic number 57-71	

Ye=np/(np+nn)	

Neutron rich	

Ye:=np/(np+nn)	

=
	



II   Short summary for typical scenarios �
of merger and mass ejection �

of neutron-star merger�
	



Possible outcomes of NS-NS mergers	

Likely  for  Mtot< ~2.8Msun	

BH	 NS	

Note: total mass of GW170817 is 2.73—2.78 Msun	



Mass ejection scenario (NS-NS typical case)	

Dynamical ejection
 (proceeds in < 10 ms)
                
                  MHD/viscosity-driven ejection
                   (in viscous timescale of remnant MNS)

                                                 Long-term viscosity-driven ejection 
                                                        (in viscous timescale of disk) 

Time after merger	
0                          10                       100                     1000 ms	

Neutrino irradiation from MNS (for lifetime of MNS)           

MNS + disk	



Model of mass ejection 
from GW170817 based 
on numerical relativity	

Dynamical ejecta ~0.01Msun 
  (ejected for t < ~10 ms)

Dynamical ejecta 
       ~0.01 Msun 

Massive ejecta from remnant 
 ~ 0.03Msun (t ~ 0.1—10 s) 

Massive neutron star 
           + torus

Viscous effect

Observer 
<30 degree	



Dynamical ejection
 (proceeds in < 10 ms)
              
                                                Long-term viscosity-driven ejection 
                                                        (in viscous timescale of disk) 

Time after merger	
0                          10                       100                     1000 ms	

Minor neutrino irradiation            

BH + disk	

High-spin / small-mass BH-NS  
or    

High total mass & asymmetric NS-NS             	



III   Dynamical mass ejection	

•  For exploring this, we need merger simulations in 
numerical relativity:                                                   
General relativity, hydrodynamics, neutrino radiation, 
& possibly magneto-hydrodynamics play key roles 

•  In the following example, we solve Einstein’s and 
neutrino radiation hydrodynamics equations 

•  Radiation transport: leakage + M1, no momentum-
space dependence is taken into account	



Einstein’s equation with  
  3+1 (BSSN) formalism  

 Magneto/viscous hydrodynamics 

What one solves is	

Neutrino radiation transfer 
  with a very approximate level 

Should be improved in future	

Gµν = 8π
G
c4
Tµν

∇µTν
µ = 0

∇µ ρuµ( ) = 0
Df
Dt

= !fint
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NS-NS: Neutrino-radiation hydro simulation 
Soft EOS (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	
Total mass ~ 0.01 Msun	
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NS-NS: Neutrino-radiation hydro simulation 
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 ~ 10-3 Msun	



Three mechanisms for mass ejection	

•  Tidal torque: Gravitational torque associated with 
non-axisymmetric structure of self-gravitating objects. 
This effect is important irrespective of NS-NS/BH-NS 
and NS mass, EOS, etc.  

•  Shock heating: Thermal pressure resulting from 
matter heated by shocks (collision of two NSs and NS 
with surrounding matter): For NS-NS with compact 
neutron stars, this effect is more appreciable 

•  Neutrino heating: Neutrino radiation pressure; this is 
minor effect for mass ejection but important as a weak 
interaction source (change Ye): A. Perego will talk 
more details.	
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Summary for dynamical ejecta mass in NR	

Ø  Typical average velocity:  0.15—0.25 c 
Ø  A fraction of ejecta has high velocity up to  ~0.8 c 

Dynamical ejecta mass depends significantly on masses	

e.g,  Hotokezaka+ ‘13, Sekiguchi+ ‘15, Palenzela+ ‘15, Radice+ ‘16, 
     Foucart et al. ‘16, Dietlich+ ’17,   many similar recently ….

Total mass	 Remnant	 Nearly equal mass Unequal mass:             
m1/m2 < ~0.8 

Low  
<~ 2.6 Msun	

SupramassiveNS 
(long-lived NS)	

Meje~10-3 Msun 
	

Meje~10-2.5 Msun 
	

Middle  
~ 2.7 Msun	

HypermassiveNS 
à BH	

Meje~10-3-10-2 Msun 
(EOS dependent)	

Meje~10-2.5-10-2   
             Msun 

High 
>~ 2.8 Msun	

Prompt BH 
formation	

Meje<10-3 Msun 
(also tiny disk) 

Meje~10-3-10-2      
             Msun 
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Effect of 
shock heating	

Important for radio flare 
(I do not touch on this) 



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

29	

Electron  fraction (x-y)	

Electron  fraction (x-z)	

νe
νe
νothers

Sekiguchi et al. (2016)	

Ye	
Neutrino  luminosity	

Green = neutron rich	



Importance of weak interaction on 
neutron richness	

High temperature ⇒  γγ→ e− + e+

⇒    n+ e+ ↔ p+νe   &  p+ e− ↔ n+νe
Neutrino  irradiation 

⇒  n+νe → p+ e−   &  p+νe → n+ e+

For long-term neutrino irradiation,  
    n-p ratio approaches a chemical equilibrium 	

[ p]
[n]+[ p]

≈ 1+
Lνe
Lνe

ενe − 2Q
ενe + 2Q

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

−1

:Q = mn −mp( )c2 ≈ 1.293 MeV

Qian & Woosley 1996	



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
averaged value of Ye for SFHo (red solid), DD2 (blue dashed),
and TM1 (green dotted dashed). Lower panel: The mass-
distribution histograms of Ye normalized by the total mass of
ejecta measured at ≈25 ms after the onset of merger for SFHo,
DD2, and TM1.

DYNAMICAL MASS EJECTION FROM BINARY NEUTRON … PHYSICAL REVIEW D 91, 064059 (2015)

064059-5

Sekiguchi  et al. 2015 PRD	

Ø  Average depends on EOS but typically peak at 0.2—0.3
Ø  Broad distribution irrespective of EOS

1.35-1.35 solar case	

Initial value 
for NS matter	



Neutrino-radiation hydrodynamics simulation 
SFHo (R~11.9 km): 1.25-1.55 Msun	 Ye	

Sekiguchi et al.	
Green = neutron rich	

More neutron-rich except for disk surrounding BH	
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Synthesis of heavy elements with A > 120	

mass number
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Ye ~ 0.4 
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BH-NS merger (SFHo EOS: density) 
MBH=5.4Msun, MNS=1.35Msun, aBH=0.75 	

Mass ejection occurs by tidal force of BH	

Kyutoku et al. 2018; Also many pioneer works by F. Foucart et al.	
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GW170817	

Dim EM signals?	



BH-NS merger (SFHo EOS: electron fraction) 
MBH=5.4Msun, MNS=1.35Msun, aBH=0.75 	

Kyutoku et al. 2018; Also many works by F. Foucart et al.	

Very neutron rich Ye <~ 0.1	

Ye	

Green = Neutron rich	
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Electron fraction of ejecta	

•  Quite low electron fraction irrespective of EOS                                
(Foucart, Duez et al., ‘13—18, Kyutoku ‘18) 

•  Tiny neutrino irradiation, weak shock heating 
•  Likely to primarily synthesize heavy r-elements 	

R=11.9 km 
R=13.2 km 
R=14.5 km	



Summary of dynamical ejecta properties in NR	

u  Mass:  Meje 
•  NS-NS: ~10-3—10-2 Msun  depending on total mass, 

mass ratio, & EOS (Hotokezaka+ 13, Bauswein+ 13, Sekiguchi+ 
15,16, Radice+ 16, Lehner+ 15,16…….many others) 

•  BH-NS: 0—0.05 Msun typically Meje ~ 0.2 Mdisk        
High BH spin is the key (for NS radius < 13km)                                
(Foucart+ 13-15, Kyutoku+ ‘15, 18) 

u  Electron fraction: Ye 
•  NS-NS: Broad distribution with <Ye> ~ 0.2—0.3:        

For highly asymmetric case, <Ye>  < 0.2:                                 
For prompt BH formation case, Ye < ~0.1 

•  BH-NS: Peak at Ye < 0.1 (Foucart+ ‘13-18, Kyutoku+ ‘18) 

u  Typical  velocity:  0.15—0.25 c;  max could be ~ 0.8 c 

κ ∼ 10 cm2/g	



Kilonova by dynamical ejecta for NS/BH-NS	

u  An appreciable component has Ye < 0.15                   
à Very good for r-process nucleosynthesis, and                                                          
à κ ~ 10 cm2/g  : large value 

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

Lmax ~ 7×1040  ergs/s M
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EM counterpart of GW170817	

•  Peak time for the optical band is ~ 1 day 
•  Peak luminosity is ~ 7×1041 ergs/s	

      Dynamical ejecta alone cannot describe  
            EM counterpart of GW170817  
because of too high opacity and low ejecta mass 
à It was shown that something else was present	

But, dynamical ejecta could still describe 
        the late-phase red component
à Evidence for r-process nucleosynthesis	



IV   Post-merger mass ejection	

•  MHD/viscous effects on torus are likely to play a key 
role for mass ejection                                            
(Fernandez-Metzger+ ’13-15, Perego et al. ’14, Just et al. ‘15,  Siegel-
Metzger  ’17, Fujibayashi et al. ‘18)

•  Two cases are present: BH + torus  &  MNS + torus
1.  Typical remnants for NS+NS= MNS + torus
2.  For BH+NS or massive NS-NS, the remnant is       

BH + torus
•  The presence of MNS can give significant difference 

on neutron richness of ejecta



Basic Picture for BH-torus �
(Fernandez-Metzger ’13,14, Just ’15, ……)	

BH	 Low Ye ~ 0.1	Low Ye ~ 0.1	

Viscosity is likely to drive evolution: 
Viscous ejection of mass 10—30% of torus mass 
   after temperature decreases below ~ 1 MeV 
         (neutrino cooling becomes inefficient)
Ye freeze out à  Low Ye is preserved (good r-process)	

Neutrino irradiated ejection (not-strong effect)
à Ye could be increased (small effect on ejecta mass)

Initially high density, high e- degeneracy
à Neutron rich            (p+e- à n + νe)	



Ejecta from BH + disk is likely to have low Ye	
Delayed outflows from BH accretion tori 511

Figure 8. Thermodynamic properties of disc material for model S-def at a radius Rnuc = 400 km, where T̄ ≃ 5 × 109 K. The histograms are constructed by
considering all material that crosses this radius, within 60◦ of the midplane, over the entire disc evolution. Shown are the electron fraction Ye (a), entropy S (b),
expansion time texp = r/vr (c) and final helium mass fraction (d) computed from equation (C1).

self-irradiation is only a small correction to the overall dynamics
for low-mass discs.

The expansion velocity at larger radii is remarkably constant,
sensitive only to the inclusion of the nuclear binding energy of alpha
particles. Note, however, that these values likely underestimate the
true expansion velocities by a factor of ∼ 1.4–1.7 since we do not
include the additional energy of ∼ a few MeV nucleon− 1 released in
forming seed particles and (on somewhat longer time-scales ∼ 1 s)
heavy r-process nuclei.

5 D ISCUSSION

5.1 Nucleosynthesis in disc outflows

Appendix C reviews the conditions for heavy-element nucleosyn-
thesis in hot outflows, such as those from NS merger accretion
discs, and provides analytic formulae for the fraction of the ejected
mass synthesized into heavy r-process nuclei Xh and the fraction
Xα = 1 − Xh that remains in α-particles (equation C1). Given the
low electron fraction Ye ! 0.2 of the disc outflows found in our cal-
culations, we conclude that most of the ejecta will go into second
and third peak r-process elements with mass number A ∼ 130–200
(Xh ≃ 1). A much smaller fraction, XHe ∼ 10− 2, will remain in 4He,
which may have implications for the spectroscopic signatures of
these events (Section 5.2).

The average Galactic production rate of r-process nuclei due to
accretion disc outflows from binary NS mergers is given by

Ṁr = RNS2fejM̄t

= 10− 7 M⊙yr− 1
(

RNS2

10− 4yr− 1

) (
fej

0.1

) (
M̄t

10− 2 M⊙

)
, (32)

where RNS2 is the rate of NS–NS mergers scaled to its estimated
value in the Milky Way (uncertain by at least an order of magnitude;
Kalogera et al. 2004), M̄t is the average mass of the initial accre-
tion torus and fej ∼ 0.1 is the fraction of Mt ejected in outflows,
scaled to the characteristic value derived from our numerical simu-
lations. Equation (32) should be compared with the ‘observed’ rate
Ṁobs

r ∼ 5 × 10− 7 M⊙ yr− 1 required to explain the abundances of
heavy A " 130 r-process elements produced over the age of the
Galaxy (Qian 2000). This shows that NS merger disc outflows con-
stitute a potentially significant r-process source.

Although the idea that NS mergers are a promising r-process
source is not new (Lattimer & Schramm 1974), previous studies
have focused almost exclusively on nucleosynthesis of the dynam-
ical ejecta.

Our simulations show no clear evidence for outflows powered pri-
marily by neutrino heating. Such a wind was previously anticipated
to dominate mass loss from small radii in the disc (e.g. Metzger
et al. 2008a; Surman et al. 2008; Wanajo & Janka 2012). Because
neutrinos and antineutrinos from the disc have similar luminosities
and mean energies, neutrino absorption is expected to drive Ye to a
value ∼ 0.5. Although our simulations do show unbound polar out-
flows, the electron fraction of this material is increased only slightly
by neutrino irradiation (Fig. 7), since viscous heating dominates the
unbinding of matter from the disc (Fig. 4). This hierarchy is contin-
gent upon our assumption of an α-viscosity, which may not reflect
the true vertical distribution of turbulent dissipation in the disc. Our
approximate treatment of neutrino physics prevents us from defini-
tively ruling out a strong role of self-irradiation. However, if an even
larger fraction of the dissipation occurs in the disc corona in more
realistic magnetized discs (e.g. Hirose, Krolik & Stone 2006), then
the dominance of ‘viscous’-driven (low Ye) polar outflows may turn
out to be a robust feature of the launching mechanism. Regardless of
the composition of the [possibly neutrino-driven] winds from small
radii in the disc, the late outflows powered by α recombination and
viscous heating almost certainly dominate the total (time-integrated)
mass loss.

5.2 Radioactively powered emission

Radioactive decay of r-process elements synthesized in the disc
outflows gives rise to an electromagnetic transient similar to a dim
supernova (e.g. Li & Paczyński 1998). Although the disc outflows
are mildly anisotropic (Fig. 5), the ejecta will become increasingly
spherical as it expands homologously with a characteristic velocity
v̄r ≃ 0.1c (Table 1). Most of the energy released by the r-process
occurs on a time-scale ∼ seconds, but this heating is lost to adiabatic
expansion since the outflow is highly optically thick at this early
stage. Nevertheless, radioactive decay continues to add energy to
the ejecta, at an approximately constant rate per logarithmic time
(e.g. Metzger et al. 2010b). Electromagnetic emission peaks only
once the time-scale for photons to diffuse through the ejecta td ∝
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Fernandez & Metzger  
MNRAS (2013)	

Good for  
r-process nucleosynthesis  
of heavy elements 
à Large value of opacity 
             κ ~ 10 cm2/g	



Long-term viscous ejecta from torus: NS-NS case	

•  The presence of a strong neutrino emitter like MNS 
would change Ye significantly                                          
(Metzger-Fernanndez ‘14, Perego+  ‘14, Fujibayashi+ ‘18)                   

NS	 Ye > 0.1	Ye > 0.1	

1: Neutrino irradiation	

2: NS is not absorber of matter 
à More ejecta 
3: MNS in differential rotation can 
     be additional engine	



High-resolution GRMHD for NS-NS	

Δx=17.5m	

Kelvin-Helmholtz instability:  
 à  Magnetic field should be amplified by winding 
 à  Turbulence would be enhanced	

Kiuchi et al. 
2015	



Viscous neutrino radiation hydrodynamics for 
post-merger MNS �

 (S. Fujibayashi et al.  ApJ 2018)	

Viscous time scale of MNS: ν =ανcsH ~ανcsR

τν ≈
R2

ν
=

1
ανΩ
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•  Employ covariant & causal GR viscous hydro           
(following Israel & Steward ‘79)

•  Initial condition: Remnant of NS-NS merger with mass 
1.35-1.35Msun

•  Axial symmetry is assumed (to evolve for seconds)
•  Alpha viscosity; ν =αvcsΗ  with αv= 0.04 and H=10 km
•  EOS: DD2 (RNS = 13.2 km)



Viscous neutrino radiation hydrodynamics for 
post-merger MNS �

 (S. Fujibayashi et al. ApJ 2018)	

Density in x-z plane	
Wide 1500×1500 km	 300×300 km	



Evolution of angular velocity (αvis=0.01)	
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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	



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

Electron fraction Density	

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

Electron fraction is not very low	



Electron fraction distribution by viscosity (total)	

10-5

10-4

10-3

10-2

 0  0.1  0.2  0.3  0.4  0.5

M
as

s 
p

er
 b

in
 [

M
su

n
]

Ye

α=0.04
α=0.02

 10  100
s [kB]

Only small lanthanide synthesis à	

Lanthanide 
synthesis	

 κ  ~ 0.1 cm2 /g
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Longterm irradiation
             ⇓
Ye   approaches 1/2

t < ~ 1s 
t ~ 2s	

Neutrino irradiation is key	



Viscosity on only for dΩ/dR < 0 (mimicking MRI)	

Still significant effect	



No lanthanide along the line of sight 
from merger remnant ejecta
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Post-merger ejecta properties	

u  Mass:  Meje 
•  BH formation case: ~10-3–10-2 Msun (Fernandez & Metzger ’13

—15, Just+ ’15, Siegel-Metzger ’17, 18, Fernandez ‘18) 

•  MNS formation case: > 10-2 Msun (Metzger & Fernandez ’14, 
Fujibayashi+ ’18) 

u  Electron fraction: Ye 
•  BH formation case: Ye ~ 0.1—0.3 à efficient r-process 

nucleosynthesis & high opacity (κ~10 cm2/g, red) 
•  MNS formation case: Ye > 0.25 à light r-process, low 

opacity (κ~0.1 cm2/g, blue) 

u  Typical  velocity:  < 0.1 c; magnetic wind/MNS viscous 
effect may enhance up to ~0.2 c                                        
(Siegel & Metzger ’17, 18, Fernandez+ ‘18, Fujibayashi+ ‘18) 



Peak luminosity and peak time           
for the post-merger ejecta with MNS  
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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 
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Radiation transfer simulation: good agreement 
 (K. Kawaguchi, M. Tanaka, MS, ApJL 2018)	

density and velocity profiles of ejecta such that optically thick
dynamical ejecta in the equatorial plane is present outside of
the post-merger ejecta.
NS mergers are also considered to be important synthesis

sites of r-process nuclei in the universe(Lattimer &
Schramm 1974; Eichler et al. 1989; Korobkin et al. 2012;
Wanajo et al. 2014). Figure 5 compares the elemental
abundance in our model with the solar abundance. Though
some abundance peaks are smaller than those of the solar
abundance, broadly speaking, the mass-averaged element
abundance of our model reproduces the trend of the solar
abundance for a wide range of r-process elements, in particular,
including the first (Z=34) abundance peaks.

4. Discussion and Conclusion

In this Letter, we have presented the result of an
axisymmetric radiative transfer simulation for a kilonova/
macronova with a setup indicated by numerical-relativity
simulations. In particular, the interplay of multiple non-
spherical ejecta components via photon transfer are consistently
taken into account in the lightcurve prediction.
We found that the optical and NIR lightcurves of SSS17a are

reproduced naturally by the numerical-relativity-simulation-
motivated model observed from 20°�θ�28°. In particular,
we demonstrated that the observed NIR lightcurves can be
interpreted by the emission from the dynamical ejecta of which
mass is consistent with the prediction of numerical relativity.
The observed lightcurves are reproduced by a smaller mass of
the post-merger ejecta than that estimated by previous
studies(e.g., Cowperthwaite et al. 2017; Kasen et al. 2017;
Kasliwal et al. 2017; Perego et al. 2017; Villar et al. 2017)
because the effect of the photon diffusion preferential to the
polar direction is taken into account. The observed blue optical
lightcurves, as well as the photospheric velocity of ≈0.3 c, can
be interpreted by the photon-reprocessing in the low-density
dynamical ejecta located in the polar region above the post-
merger ejecta.
Our results indicate that there is no tension between the

prediction of numerical-relativity simulations and the

Figure 2. Optical and NIR lightcurves of SSS17a compared with the kilonova/macronova model observed from 20°�θ�28° (left panel) and 86°�θ�90° (right
panel). The optical and NIR data points are taken from Villar et al. (2017). We assume that SSSa17 is at a distance of 40 Mpc. All of the magnitudes are given in AB
magnitudes. Note that the large deviation of the model lightcurves in the H-band may be due to the incompleteness of the line list for the opacity estimation.

Figure 3. Time evolution of optical and NIR spectral energy distribution of the
kilonova/macronova model. The spectra at t=1.4, 4.6, and 6.8 days are
shown. All of the spectra are observed from 20°�θ�28° at a distance of
40 Mpc. The green solid curves denote the best blackbody fits of the spectra.
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observation of SSS17a, and that the interplay of the multiple
non-spherical ejecta components plays a key role for predicting
kilonova/macronova lightcurves. Note that Perego et al.
(2017), Tanvir et al. (2017), and Troja et al. (2017) showed
kilonova/macronova models employing a similar setup with
our model, but did not discuss the high photospheric velocities.

In particular, Tanvir et al. (2017) and Troja et al. (2017) used
the model based on radiative transfer simulations in which
photon interplay between the two components is taken into
account (Wollaeger et al. 2017). In these works, the mass of
dynamical ejecta is estimated to be an order of magnitude
smaller than our result due to the difference in the treatment of
line opacity. Note that our model requires ∼0.01Me as the
mass of the dynamical ejecta. This is a fairly large value for the
dynamical ejecta, which can be achieved only for the case that
the NS radii are small(e.g., Hotokezaka et al. 2013; Dietrich
et al. 2017). Thus, our analysis suggests that the NS radius
would be small as 12 km.
We found that photons from the post-merger ejecta would be

absorbed and entirely reprocessed by the dynamical ejecta, in
particular if the binary is observed from the equatorial
direction. However, this viewing angle dependence would be
minor for the case that the total mass of the binary is smaller
than GW170817. For such a case, the mass of the dynamical
ejecta would be much smaller (∼10−3Me or less;Foucart
et al. 2016), and thus suppression of the blue optical emission
would be weaker. Furthermore, a long-lived remnant NS is
likely to be formed after the merger, and the lightcurves could
be significantly modified by the heating up of the ejecta due to
the EM radiation from the strongly magnetized and rapidly
rotating remnant NS(e.g., Metzger & Piro 2014).

Figure 4. Bolometric luminosity (Lbol; top-left panel), effective temperature (Teff; top-right panel), photospheric radius (rph; bottom-left panel), and photospheric
velocity (vph; bottom-right panel) of the kilonova/macronova model of SSS17a. Lbol and vph are calculated by L r T4bol ph

2
eff
4p s= and vph=rph/t, respectively, using

Teff and rph obtained by the blackbody fit of the spectra. The solid and dashed curves denote the quantities calculated from the lightcurves observed from
20°�θ�28° and 86°�θ�90°, respectively. The black points denote the data points of SSS17a taken from Waxman et al. (2017).

Figure 5. Mass-averaged element abundance of our model (blue lines) together
with the solar abundance of r-process elements(Simmerer et al. 2004, green
points).
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Looks fast (apparently)

L = 4πσR2T 4

v = R / t

~0.3c @ 1d 
~0.1c @ 7d	



Peak luminosity and peak time           
for the post-merger ejecta with BH  
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What will be the next event ?  
 

Mass & Ye could be varied both for 
dynamical and post-merger ejecta 	



Dynamical ejecta properties in NR	

u  Mass:  Meje 
•  NS-NS: ~10-4—10-2 Msun  depending on total mass, mass 

ratio, & NS radius (Hotokezaka+ 13, Bauswein+ 13, Sekiguchi+ 
15,16, Radice+ 16, Lehner+ 15,16…….many others) 

•  BH-NS: 0—0.1 Msun depending on mass, spin, NS radius:           
High BH spin is the keys (Foucart+ 13-15, Kyutoku+ ‘15, 18) 

u  Electron fraction: Ye 
•  NS-NS: MNS formation case, Ye =0.1—0.5                   

For prompt BH formation case, Ye < ~0.1 
•  BH-NS: Ye < 0.1 (Foucart+ ‘13-18, Kyutoku+ ‘18) 

u  Typical  velocity:  0.15—0.25 c;  max could be ~ 0.8 c 

κ ∼ 10 cm2/g	



Post-merger ejecta properties	

u  Mass:  Meje 
•  BH formation case: ~10-3–10-2 Msun (Fernandez & Metzger ’13

—15, Just+ ’15, Siegel-Metzger ’17, 18, Fernandez ‘18) 

•  MNS formation case: > 10-2 Msun (Metzger & Fernandez ’14, 
Fujibayashi+ ’18) 

u  Electron fraction: Ye 
•  BH formation case: Ye ~ 0.1—0.3 à efficient r-process 

nucleosynthesis & high opacity (κ~10 cm2/g, red) 
•  MNS formation case: Ye > 0.25 à light r-process, low 

opacity (κ~0.1 cm2/g, blue) 

u  Typical  velocity:  < 0.1 c; magnetic wind/MNS viscous 
effect may enhance up to ~0.2 c                                        
(Siegel & Metzger ’17, 18, Fernandez+ ‘18, Fujibayashi+ ‘18) 



 V  Next events ?	

Dynamical ejection	 Post-merger ejection	

1. Low-mass NS-NS 
à long-lived MNS 

M ~10-3–10-2.5 Msun 
Ye ~ 0.05—0.5 

M ~ 10-2 –10-1 Msun 
Ye ~ 0.3—0.5	

2. NS-NSàHMNS 
(e.g., GW170817)	

M ~10-3 –10-2 Msun 
Ye ~ 0.05—0.5	

M > 10-2 Msun 
Ye ~ 0.2—0.5	

3. NS-NS à BH 
(assume not very 
asymmetric) 

M < ~10-3 Msun 
Ye <~ 0.1	

M < 10-3 Msun 
Ye <~ 0.1	

4. BH-NS with tidal 
disruption and/or 
asymmetric NS-NS	

M ~ 10-3 –10-1.5 Msun 
Ye <~0.1	

M ~ 10-3—10-1.5 Msun 
Ye ~ 0.1—0.25 



Dynamical ejection	 Post-merger ejection	

1. Low-mass NS-NS 
à long-lived MNS	

M ~10-3–10-2.5 Msun 
Ye ~ 0.05—0.5 
Red, not luminous	

M ~ 10-2 –10-1 Msun 
Ye ~ 0.3—0.5	
Blue, very luminous	

2. NS-NSàHMNS 
(e.g., GW170817)	

M ~10-3 –10-2 Msun 
Ye ~ 0.05—0.5	
	

M > 10-2 Msun 
Ye ~ 0.2—0.5 	

3. NS-NS à BH 
(assume not very 
asymmetric) 

M < ~10-3 Msun 
Ye <~ 0.1	

M < 10-3 Msun 
Ye <~ 0.1	

4. BH-NS with tidal 
disruption and/or 
asymmetric NS-NS	

M ~ 10-3 –10-1.5 Msun 
Ye <~0.1	

M ~ 10-3—10-1.5 Msun 
Ye ~ 0.1—0.25 

 V   Prediction for next events	



Mdyn= 0.001Msun, Mpost-merger=0.05Msun	
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Dynamical ejection	 Post-merger ejection	

1. Low-mass NS-NS 
à long-lived MNS	

M ~10-3–10-2.5 Msun 
Ye ~ 0.05—0.5 
Red, not luminous	

M ~ 10-2 –10-1 Msun 
Ye ~ 0.3—0.5	
Blue, very luminous	

2. NS-NSàHMNS 
(e.g., GW170817)	

M ~10-3 –10-2 Msun 
Ye ~ 0.05—0.5	
Late Red, luminous	

M > 10-2 Msun 
Ye ~ 0.2—0.5	
Early Blue, luminous 	

3. NS-NS à BH 
(assume not very 
asymmetric) 

M < ~10-3 Msun 
Ye <~ 0.1	

M < 10-3 Msun 
Ye <~ 0.1	

4. BH-NS with tidal 
disruption and/or 
asymmetric NS-NS	

M ~ 10-3 –10-1.5 Msun 
Ye <~0.1	

M ~ 10-3—10-1.5 Msun 
Ye ~ 0.1—0.25 

 V   Prediction for next events	



Mdyn= 0.01Msun, Mpost-merger=0.03Msun	

density and velocity profiles of ejecta such that optically thick
dynamical ejecta in the equatorial plane is present outside of
the post-merger ejecta.
NS mergers are also considered to be important synthesis

sites of r-process nuclei in the universe(Lattimer &
Schramm 1974; Eichler et al. 1989; Korobkin et al. 2012;
Wanajo et al. 2014). Figure 5 compares the elemental
abundance in our model with the solar abundance. Though
some abundance peaks are smaller than those of the solar
abundance, broadly speaking, the mass-averaged element
abundance of our model reproduces the trend of the solar
abundance for a wide range of r-process elements, in particular,
including the first (Z=34) abundance peaks.

4. Discussion and Conclusion

In this Letter, we have presented the result of an
axisymmetric radiative transfer simulation for a kilonova/
macronova with a setup indicated by numerical-relativity
simulations. In particular, the interplay of multiple non-
spherical ejecta components via photon transfer are consistently
taken into account in the lightcurve prediction.
We found that the optical and NIR lightcurves of SSS17a are

reproduced naturally by the numerical-relativity-simulation-
motivated model observed from 20°�θ�28°. In particular,
we demonstrated that the observed NIR lightcurves can be
interpreted by the emission from the dynamical ejecta of which
mass is consistent with the prediction of numerical relativity.
The observed lightcurves are reproduced by a smaller mass of
the post-merger ejecta than that estimated by previous
studies(e.g., Cowperthwaite et al. 2017; Kasen et al. 2017;
Kasliwal et al. 2017; Perego et al. 2017; Villar et al. 2017)
because the effect of the photon diffusion preferential to the
polar direction is taken into account. The observed blue optical
lightcurves, as well as the photospheric velocity of ≈0.3 c, can
be interpreted by the photon-reprocessing in the low-density
dynamical ejecta located in the polar region above the post-
merger ejecta.
Our results indicate that there is no tension between the

prediction of numerical-relativity simulations and the

Figure 2. Optical and NIR lightcurves of SSS17a compared with the kilonova/macronova model observed from 20°�θ�28° (left panel) and 86°�θ�90° (right
panel). The optical and NIR data points are taken from Villar et al. (2017). We assume that SSSa17 is at a distance of 40 Mpc. All of the magnitudes are given in AB
magnitudes. Note that the large deviation of the model lightcurves in the H-band may be due to the incompleteness of the line list for the opacity estimation.

Figure 3. Time evolution of optical and NIR spectral energy distribution of the
kilonova/macronova model. The spectra at t=1.4, 4.6, and 6.8 days are
shown. All of the spectra are observed from 20°�θ�28° at a distance of
40 Mpc. The green solid curves denote the best blackbody fits of the spectra.
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Model for GW170817/AT 2017gfo	



Dynamical ejection	 Post-merger ejection	

1. Low-mass NS-NS 
à long-lived MNS	

M ~10-3–10-2.5 Msun 
Ye ~ 0.05—0.5 
Red, not luminous	

M ~ 10-2 –10-1 Msun 
Ye ~ 0.3—0.5	
Blue, very luminous	

2. NS-NSàHMNS 
(e.g., GW170817)	

M ~10-3 –10-2 Msun 
Ye ~ 0.05—0.5	
Late Red, luminous	

M > 10-2 Msun 
Ye ~ 0.2—0.5	
Early Blue, luminous 	

3. NS-NS à BH 
(assume not very 
asymmetric) 

M < ~10-3 Msun 
Ye <~ 0.1	
Faint	

M < 10-3 Msun 
Ye <~ 0.1	
Faint	

4. BH-NS with tidal 
disruption and/or 
asymmetric NS-NS	

M ~ 10-3 –10-1.5 Msun 
Ye <~0.1	

M ~ 10-3—10-1.5 Msun 
Ye ~ 0.1—0.25 

 V   Prediction for next events	



Mdyn= 0.001Msun, Mpost-merger=0.001Msun	
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Dynamical ejection	 Post-merger ejection	

1. Low-mass NS-NS 
à long-lived MNS	

M ~10-3–10-2.5 Msun 
Ye ~ 0.05—0.5 
Red, not luminous	

M ~ 10-2 –10-1 Msun 
Ye ~ 0.3—0.5	
Blue, very luminous	

2. NS-NSàHMNS 
(e.g., GW170817)	

M ~10-3 –10-2 Msun 
Ye ~ 0.05—0.5	
Late Red, luminous	

M > 10-2 Msun 
Ye ~ 0.2—0.5	
Early Blue, luminous 	

3. NS-NS à BH 
(assume not very 
asymmetric) 

M < ~10-3 Msun 
Ye <~ 0.1	
Faint Red	

M < 10-3 Msun 
Ye <~ 0.1	
Faint Red	

4. BH-NS with tidal 
disruption and/or 
asymmetric NS-NS	

M ~ 10-3 –10-1.5 Msun 
Ye <~0.1	
Late Red,  
Could be luminous 	

M ~ 10-3—10-1.5 Msun 
Ye ~ 0.1—0.25 
Late Red,  
Could be luminous	

 V   Prediction for next events	



Mdyn= 0.01Msun, Mpost-merger=0.01Msun	
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Dynamical ejecta:  
Fast (0.15—0.9c),   
Neutron rich à 
r-process synthesis

Merger remnant ejecta:  
Main heat source 
Low velocity, small κ

Remnant:  
Massive NS + torus 

Observer of 
 GW170817

Reprocessed emission!Rotation axis

<~30 degreeGW170817 
with different 
viewing angle  

M <~ 0.01 Msun	M ~ 0.03 Msun	

observer



Viewing angle dependence	

velocity profiles of ejecta such that optically thick dynamical
ejecta in the equatorial plane is present outside of the post-
merger ejecta.
NS mergers are also considered to be important synthesis sites

of r-process nuclei in the universe(Lattimer & Schramm 1974;
Eichler et al. 1989; Korobkin et al. 2012; Wanajo et al. 2014).
Figure 5 compares the elemental abundance in our model with
the solar abundance. Though some abundance peaks are smaller
than those of the solar abundance, broadly speaking, the mass-
averaged element abundance of our model reproduces the trend
of the solar abundance for a wide range of r-process elements, in
particular, including the first (Z=34) abundance peaks.

4. Discussion and Conclusion

In this Letter, we have presented the result of an
axisymmetric radiative transfer simulation for a kilonova/
macronova with a setup indicated by numerical-relativity
simulations. In particular, the interplay of multiple non-
spherical ejecta components via photon transfer are consistently
taken into account in the lightcurve prediction.
We found that the optical and NIR lightcurves of SSS17a are

reproduced naturally by the numerical-relativity-simulation-
motivated model observed from 20°�θ�28°. In particular,
we demonstrated that the observed NIR lightcurves can be
interpreted by the emission from the dynamical ejecta of which
mass is consistent with the prediction of numerical relativity. The
observed lightcurves are reproduced by a smaller mass of the
post-merger ejecta than that estimated by previous studies(e.g.,
Cowperthwaite et al. 2017; Kasen et al. 2017; Kasliwal et al.
2017; Perego et al. 2017; Villar et al. 2017) because the effect of
the photon diffusion preferential to the polar direction is taken
into account. The observed blue optical lightcurves, as well as the
photospheric velocity of ≈0.3 c, can be interpreted by the
photon-reprocessing in the low-density dynamical ejecta located
in the polar region above the post-merger ejecta.

Figure 2. Optical and NIR lightcurves of SSS17a compared with the kilonova/macronova model observed from 20°�θ�28° (left panel) and 86°�θ�90° (right
panel). The optical and NIR data points are taken from Villar et al. (2017). We assume that SSSa17 is at a distance of 40 Mpc. All of the magnitudes are given in AB
magnitudes. Note that the large deviation of the model lightcurves in the H-band may be due to the incompleteness of the line list for the opacity estimation.

Figure 3. Time evolution of optical and NIR spectral energy distribution of the
kilonova/macronova model. The spectra at t=1.4, 4.6, and 6.8 days are
shown. All of the spectra are observed from 20°�θ�28° at a distance of
40 Mpc. The green solid curves denote the best blackbody fits of the spectra.
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From ~ 25 degree 
Blue + Red	

From ~ 90 degree 
Dimmer blue + Red	



Hopefully, next several events will 
give us information on whether our 

understanding is correct or not ! 

 

 



Unsolved issue: longterm evolution of 
massive neutron star (> 10 seconds)	

ρdisk	~ 1011 g/cm3  à ρdisk ~ 108 g/cm3      à          ρdisk <~ 103 g/cm3 ?  	

Viscous evolution 
        τ < ~10 s ?	

Propeller evolution 
   τ  ~10—100 s ? 
Angular momentum  
transport  
from MNS to disk  
by magnetic torque  
through winding 
à Disk is ejected ?	

Magnetic dipole radiation 
   τ > ~100 s ? 
Angular momentum loss 
by EM radiation	

Prot=1 ms à Rcorot=300km 
Force free for r < Rcorot	



Magnetar-engined ejecta	

•  Rotational kinetic energy and luminosity by dipole 
radiation 

 

•  This luminosity could accelerate the ejecta to be 
relativistic speed because Trot is comparable to Mejec2; 
but details are not known 
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How GRB is launched and what is the effect 
to kilonova ?	

•  GRB is likely to be 
launched after 
dynamical ejecta 

•  Cocoon could affect 
the ejecta motion 

•  Cocoon could shine in 
the early time in UV 
and optical band 
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Fig. 5. Model schematics considered in this paper. In each panel, the eye indicates 
the line of sight to the observer. (A) A classical, on-axis, ultra-relativistic, weak short 
gamma-ray burst (sGRB). (B) A classical, slightly off-axis, ultra-relativistic, strong 
sGRB. (C) A wide-angle, mildly-relativistic, strong cocoon with a choked jet. (D) A 
wide-angle, mildly-relativistic, weak cocoon with a successful off-axis jet. 
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