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I  Introduction
Neutron star mergers are predicted to be
• Promising source for short-hard gamma-ray bursts      

(e.g., Eichler et al. 1989)

• Site for r-process nucleosynthesis (rapid neutron capture 
nucleosynthesis) (e.g., Schramm & Lattimer 1974)

• Source for Kilonovae/macronovae (e.g., Li & Paczynskii, 1998)

• Invaluable site for studying nuclear equation of state 
through GW detection (e.g., Lai et al. ’93, Hinderler, ‘08,…..)

• GW170817 (1st NS-NS) has shown all these aspects



Variety of NS-NS merger process
Typical Cases (galactic binary pulsars): 
m= 2.5—2.8Msun (e.g., GW170817)

Likely minority but could occur
(GW190425)

Naively thinking, there should exist 
a variety of electromagnetic counterparts

GRB ?

BH
+ tiny disk

GW170817?



Solar

Sneden et al. (2008): 

Universality

Courtesy of Sekiguchi’s presentation

The abundance patterns 
agree with each other 
for Z>~55 irrespective 
of the observed stars:

This suggests that the 
r-process events 
synthesize heavy 
elements with a pattern 
similar to the solar patter

But, note the fluctuation 
around the light elements

Solar-abundance pattern
of r-process elements

Can NS merger reproduce this?



Variety of NS-NS merger process
Typical Cases (galactic binary pulsars): 
m= 2.5—2.8Msun (e.g., GW170817)

Likely minority but could occur
(GW190425)

Naively thinking, there should exist 
a variety of nucleosynthesis abundance pattern

GRB ?

BH
+ tiny disk



Roles of merger simulations in NR

1. To provide information to predict signals (EM, GW, 
CR, n) associated with mergers for the future events

2. To explore nucleosynthesis: e.g, whether the 
universality is reproduced & what are observable 
lines for heavy elements? (talk by Hotokezaka)

3. To prepare a setup for the post-process simulations;  
e.g., long-term evolution of ejecta associated with 
kilonova & its afterglow, jet simulations, etc.



Time line after the merger: to be studied

Dynamical ejection
by shock heating/tidal effect
(proceeds in < 10 ms)

Time after merger
0                          10                       100                     1000 ms

Merger    à compact obj + disk 

Ø Key: Weak interaction which determines the property of ejecta: 
Important for nucleosynthesis & kilonovae (macronovae)

Ø Electron fraction, Ye(=np/(nn+np)), is key quantity for r-proc.  

g-ray burst? (< 2s)

MHD/viscosity-driven post-merger ejection
(in MHD/viscous timescale of remnant disk ~ 1s)

Key: Angular momentum transport



A milestone goal of NS merger simulations
• Important timescales:
1. Dynamical mass ejection timescale ~ 10 ms
2. Post-merger mass ejection timescale ~ O(1) s
3. Short gamma-ray bursts: typically 1~2 s
à We need to evolve the post-merger system at least  
for ~10 sec 
Ø Input physics is also important
• MHD/viscous effects are the key to PM evolution
• Weak processes are the key to nucleosynthesis
à Seconds-long GR+rad+MHD simulation with 
weak physics input (e.g., neutrino transfer) is needed



Two ways

1. Merger (<~100 ms) + post-merger simulations 
separately (e.g., talk by Francois)

2. Seconds-long self-consistent simulation

üNucleosynthesis, kilonova & its afterglow, GRB jets 
are analyzed as a post-process



II  Merger & post-merger separately

• We have been working on this for the last five years: 
Popular way currently

• A solid way to specifically explore two mass ejection 
mechanisms 



A Dynamical mass ejection from NS-NS 
(ejection within ~ 10 ms after the merger)

• Many numerical-relativity simulations have been done 
since 2013 à Well understood besides quantitative 
details

uWhat we have learned are
• Mass=10-4~10-2 Msun (Hotokezaka, Sekiguchi, Foucart, Radice…., 

now it is routine work): For low total mass (MNS formation), 
it is <~10-3 Msun but could be higher for HMNS case

• Electron fraction=0.05~0.4 (show later)                                                
à suitable for r-process nucleosynthesis of heavy 
elements (Wanajo, Sekiguchi, Goriely, Foucart, Roberts, and others)

• Average velocity=0.15~0.25c, but could be up to            
~ 0.9c (or more) (Hotokezaka+ ‘13, many follow-ups, Radice…..)



B Post-merger mass ejection: more complicated

• Neutron star is magnetized à Remnants are magnetized
• The magnetic field is amplified by MHD instabilities 

(Kelvin-Helmholtz instability, MRI, convection, etc)
i. Turbulence & effective viscosity are excited        

(Fernandez & Metzger+ ‘13, Just et al. ‘15, ‘21, Fujibayashi+ ‘18, ‘20)
ii. Purely MHD effects (e.g., Christie+ ‘19, Just+ ‘21, Shibata+ ‘21)

à Post-merger mass ejection from disk/torus
üEjecta mass depends on the remnant (BH or NS)         
à Meje ~ 0.05–0.1 Msun for long-lived NS formation,  
while it is lower,  ~ 0.01 Msun,   for BH formation 

• Weak interaction physics (e.g., neutrino reaction) is 
key for determining electron fraction (Ye) (e.g., Metzger & 
Fernandez ‘14, Just+ ‘15, ‘21, Fujibayashi+ ‘18, ’20, Miller ‘19)



Basic evolution process of disks by neutrino 
cooling and (effective) viscous effects

Viscous
heating

Viscous 
heating

n n

𝑇!"# > 3MeV → 𝐿$ ≈ �̇�%&'
No viscous mass ejection;

Viscous angular momentum 
transport à Disk expansion   

(but no mass ejection)

Viscous 
heating

n n

𝑇!"# < 3MeV → 𝐿$ ≪ �̇�%&'
Viscous heating is fully used

for matter expansion à
Onset of viscous mass ejection

paper:<2020/11/4>(19:47)

kbdbook6<2017/01/25>: pLaTeX2e<2020-02-02>+3 (based on LaTeX2e<2020-02-02>+5):

5.1 連星中性子星の合体 97

性係数 νを用いて近似的に以下のように書ける:

τvis =
#2

ν
. (5.1)

ここで, 磁気回転流体不安定性によって発生する実効的な粘性では, νがおよ
そ以下のように書けることが知られている:

ν = αviscsH. (5.2)

ここで, csが音速を, Hが降着円盤の鉛直方向の厚さを表し, αvisはアルファ
パラメータと呼ばれる無次元量でO(0.01)である. この関係および大質量中
性子星周りの降着円盤に典型的な量を用いて τvisを評価すると,以下のよう
になる:

τvis ∼ 0.55 s
( αvis

0.02

)−1 ( #
50 km

)2 ( cs
0.05c

)−1
(

H
20 km

)−1

(5.3)

5.1.3 質量放出と rプロセス元素合成
連星中性子星が合体するとき, 中性子星同士の接触面で激しい衝撃波が
発生する. すると, 衝撃波で十分に加熱された物質は, 系から飛び散ってい
く. また合体直後に大質量中性子星が形成される場合には, それは非軸対称
変形していると同時に, 合体過程を反映して高速回転しているうえに大き
く振動している. すでに述べたように, 非軸対称変形している天体は, 周囲
の物質に重力的トルクを働かせる. 大質量中性子星の振動によっても, 外縁
部の物質にエネルギーが与えられる. また高速回転しているので, 遠心力効
果も甚大である. これらの過程で, 角運動量や運動エネルギーを十分に得
た外縁部の物質は, 系から飛び出していく. これは, 質量放出現象と呼ばれ
る. 特に, 連星中性子星の合体時に起きる質量放出は, ダイナミカルな質量
放出 (dynamical mass ejection) と呼ばれる. この過程で飛び出す物質の速
度は, 平均で光速度の 20–25%程度になる. また, 微量ではあるが, 光速度の
80–90%にもおよぶ速度を持つ物質も放出される.

質量放出は他の効果でも起きる. 関与する効果の 1つが, ニュートリノ
照射である. 上で述べたダイナミカルな質量放出過程と同様の過程によっ

Viscous angular momentum transport timescale ~ sec

𝜌 ↘
BH/NS



Viscous hydro simulation in full GR: 
3 solar mass BH + 0.1 solar mass disk (a=0.05)
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Fujibayashi et al. 2020



How Ye of disks/ejecta is determined?
• b-equilibrium (reaction timescale < disk evolution one)

𝑝 + $𝜈! ⟷𝑛+ 𝑒" & 𝑛 + 𝜈! ⟷ 𝑝+ 𝑒#
→ 𝑌! is determined by 𝜇$ + 𝜇! = 𝜇% + 𝜇&

• In typical situations, neutrino captures decouple first, 
but still electron & positron capture processes 
proceed because of high temperature > MeV

𝑝 + 𝑒# → 𝑛 + 𝜈! & 𝑛 + 𝑒" → 𝑝 + $𝜈!
• For Tmax< ~3MeV, the weak interaction decouples and 
Ye is determined (Fujibayashi+ ‘20, Just+ ‘21)

üElectron degeneracy is weakened for decreased density, 
i.e., µe decreases with time
àAt mass ejection, moderately neutron rich, 𝒀𝒆~𝟎. 𝟑
à Heavy r-elements production is suppressed 
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DD2 1.35-1.35, Post-merger

Dynamical ejecta

Ye distribution: Two components
Results from 3D merger + 2D post merger simulation

Long-lived MNS case

Low Ye (neutron-rich) ejecta by dynamical ejection
High Ye by post-merger ejection
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Short-lived MNS à BH case

Mass ratios by dynamical and post-merger ejecta
depend significantly on the lifetime of remnant NS

Lifetime < ~ 50 msLifetime > 1 s

Numerical relativity results by Fujibayashi et al. arXiv: 2205.05557 

~0.1Msun ~0.01Msun

~0.002Msun

~0.004Msun



Broadly speaking there are four patterns

Ye

dM/dYe

0 0.4

0.2—0.3 

NS-NSà long-lived NS (Magnetar)

Ye

dM/dYe

0 0.4

0.2—0.3 

Symmetric NS-NSà short-lived NS

Ye

dM/dYe

0 0.4

0.2—0.3 

Asymmetric NS-NSà short-lived NS

Disk mass
is ~0.05 solar

Disk mass
is >~0.1 solar

Ye

dM/dYe

0 0.4

0.2—0.3 

BH-NSà BH + disk

Disk mass is
3—7 dynamical
ejecta mass

Less shock heating No shock heating

High PM ejecta
mass

Low dynamical
ejecta mass

Disk mass
is ~0.2 solar



Nucleosynthesis for MNS vs BH formation
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Under-production of heavy elements;
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Short-lived MNS à BH case
Good agreement with

solar abundance!

Lack

See Fujibayashi et al. 2022; arXiv: 2205.05557

From post-merger ejecta

From dynamical
ejecta

Circles: solar abundance

Too much post-merger ejecta

From high Ye From low Ye

Good blending of two comp.



A fair agreement with the solar abundance
for the case that HMNS is short-lived
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Figure 6. Total isobaric abundances for all the models,
which are normalized by that of 153Eu. The solar r-residuals
are adopted from Prantzos et al. (2020).

Figure 7. Total elemental abundance distributions for all
the models. The solid and dashed lines denote the distri-
butions at the end of computation (1 yr) and at 13 Gyr,
respectively (all trans-Pb nuclei except for Th and U are as-
sumed to have decayed). Stellar abundances of J0954+5246
(open circles; Holmbeck et al. 2018), CS 31082-001 (crosses;
Siqueira Mello et al. 2013), and DES J033523-540407 (filled
circles; Ji & Frebel 2018) are also shown. The grey line
denotes the solar r-residual pattern (Prantzos et al. 2020).
Each distribution is normalized by that of Eu (Z = 63).

peak nuclei in the dynamical ejecta. The ratio of post-
merger to dynamical ejecta mass is larger for the merger
of more asymmetric binaries (see Table 2), resulting in
more contribution to the production of the first peak
nuclei. Hence, the total nucleosynthetic yield approxi-
mately reproduces the solar pattern for both equal-mass
and asymmetric merger cases.

Figure 6 shows the total nucleosynthetic yields for all
the models explored in this study.4 It is found that the
pattern of the solar r-residuals is reasonably reproduced
irrespective of the mass ratio of the binaries, in partic-
ular for those between A ⇠ 140 and 200. In addition,
there is a trend of more and less production of nuclei
with A < 140 and A > 200 for less and more asymmet-
ric models, respectively, in the abundances normalized
by that of 153Eu (as representative of lanthanide nuclei)
for each model.

In Fig 7, the elemental abundance distributions
for all the models are compared to those measured
in metal-poor stars J0954+5246 (with the highest
measured Th/Eu abundance ratio, Holmbeck et al.
2018), CS 31082-001 (Siqueira Mello et al. 2013), and
DES J033523-540407 (with the lowest measured Th/Eu
abundance ratio, Ji & Frebel 2018), which are enhanced
in r-process elements. Here, Y (Z) is the abundance
of the element with atomic number Z. The calculated
abundance patterns agree approximately with those for
such r-process-enhanced metal-poor stars, in particular
for the elements between Z = 56 and 79. Our results
exhibit a variation in the production of lighter elements,
which can be also found in the r-process-enhanced stars
(Siqueira Mello et al. 2014).

Asymmetric mergers (SFHo125-145, 120-150, and
125-155) result in the higher ratio of actinide (Th and U)
to Eu owing to the ejection of more matter with very low
electron fraction Ye . 0.1. The Th/Eu abundance ratio
spans �0.84  log [Y (Th)/Y (Eu)]  �0.63 at 13 Gyr
(given this being the ages of r-process-enhanced stars)
after the merger for models investigated here. Such a
variation in the Th/Eu ratio can also be found in r-
process-enhanced stars (�0.95  log [Y (Th)/Y (Eu)] 
�0.12; see Fig. 7), although the enhancement of Th in
our result is below the level of the so-called “actinide-
boosted” stars such as J0954+5246 and CS 31082-001.

The Th/Eu ratios for models SFHo125145, 120-150
and 125-155 are very similar, although the fraction of
the matter with Ye < 0.1 in the dynamical ejecta for
model SFHo125-155 is approximately three times larger
than that for model SFHo125-145. This implies that the
Th/Eu ratio converges to log [Y (Th)/Y (Eu)] ⇡ �0.33
(at 1 yr after the merger) with a reduction of the binary
mass ratio, which is likely to be the upper limit for the
binary neutron-star merger models with the SFHo EOS
and the GEF fission-fragment distributions.

4. DISCUSSION

4 The tables of nucleosynthetic yields are available upon request
to the authors.



MHD effect does not significantly change the
abundance pattern for long-lived MNS formation case

0 50 100 150 200
A

10°7

10°6

10°5

10°4

10°3

10°2

10°1

100
X

(A
)

MNS80
MNS75a
MNS75b
MNS70a
MNS70b
DD2-135M
solar r-residual

Major
production

Minor
production

Shibata et al. PRD 104, 063026 (2021); Kawaguchi et al. ApJ in press



Prediction
• Only when the remnants of NS-NS mergers collapse to 

a BH in a short timescale (~10—100ms) after the 
merger, the universality can be reproduced

• Suppose that the NS-NS merger is the main site for the 
r-process nucleosynthesis. Then,                                  
long-lived MNS formation should be a minority                             

à Short-GRBs from a remnant magnetar should be rare; 
consistent with the absence of radio sources (talk of KH)  

In other words,
• In case many long-lived MNS formations are observed 

in the near future,  the NS-NS merger scenario of the r-
process nucleosynthesis may be excluded.

See Fujibayashi et al. 2022; arXiv: 2205.05557



III  Seconds-long BH-NS merger simulation

• With the current computational resources, self-
consistent simulations are feasible at least for BH-
NS binaries because the length scale is larger than 
the NS-NS case: 

Δ𝑡 ∝ Δ𝑥 ∝ 𝑀./(< ~10𝑀⊙)

Focusing only on the case that
NS is tidally disrupted

K. Hayashi et al. arXiv: 2111.04621; PRD in press



BH-NS merger for 2 seconds: GR + n-rad + MHD

y=0 plane is displayed: [-2000,2000]km
Dx=400m; Fix mesh refinement with ~400*400*200 grid * 9 levels

density B-field strength B/r

Ye Temperature Specific entropy

K. Hayashi et al. arXiv: 2111.04621NS with strong dipole field initially

density Magnetic-field strength B2/4prc2

electron fraction temperature entropy/baryon

BH mass=5.4Msun
c(spin)=0.75
NS mass=1.35Msun



Electromagnetic energy, mass ejection, neutrinos
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FIG. 3. The time evolution of the rest mass of the matter located outside the apparent horizon (dashed curves) and the
accretion-disk mass (solid curves) for all the runs with Q = 4 (left panel) and Q = 6 (right panel).
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FIG. 4. The time evolution of the rest mass of the unbound matter for all the runs with Q = 4 (left panel) and Q = 6 (right
panel).

flects the evolution of the accretion disk. From t �
tmerger ⇡ 1ms to ⇠ 20ms, L⌫ increases by orders of
magnitude both for Q = 4 and 6. This reflects the tem-
perature increase during the formation of the accretion
disk (e.g., due to the compressional heating and shock
heating) and the subsequent enhancement of the turbu-
lent state in the accretion disk due to the MRI (see, e.g.,
Fig. 8 which shows the increases of the electromagnetic
energy in this stage). Subsequently, L⌫ monotonically
decreases for t � tmerger & 20ms, because in this stage,
the accretion disk expands due to the angular-momentum
transport process and enhanced magnetic pressure, and
the density and temperature decrease gradually. How-
ever, the thermal energy generated by the viscous heat-
ing due to MRI turbulence is consumed primarily by neu-
trino cooling prior to the onset of the post-merger mass

ejection. Hence, the expansion of the accretion disk does
not rapidly proceed, and thus, the mass ejection due to
the thermally generated energy is suppressed. It is found
that L⌫ decreases approximately as t

�1.6 in this stage,
and the decrease is fairly mild. However, after L⌫ de-
creases below ⇡ 1051.5 erg/s as a result of the disk ex-
pansion and resulting decrease of the temperature, the
neutrino emission rate becomes smaller than the thermal
energy generation rate due to the MRI turbulence (vis-
cous heating). Then, the turbulent heating is used for
the outward expansion of the disk e�ciently, in particular
through the convective motion from the inner to outer re-
gion (see footnote 1), and the post-merger mass ejection
is driven. (We note that the critical neutrino luminosity,
which is ⇠ 1051.5 erg/s in the present case, should depend
on the disk mass because the luminosity should be ap-
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FIG. 6. The time evolution of the total neutrino luminosity (sum of the luminosity for all the neutrino species) for all the runs
with Q = 4 (left panel) and Q = 6 (right panel). Note that the post-merger mass ejection sets in at t � tmerger ⇠ 300–500ms
at which L⌫ ⇠ 1051.5 erg/s.

proximately proportional to it.) Subsequently, the neu-
trino luminosity exponentially drops at t ⇡ 300–500ms
irrespective of the binary mass ratio and the initial choice
of the magnetic-field strength. Specifically, this post-
merger mass ejection sets in when the temperature for
most of the disk matter decreases below ⇠ 3MeV (see the
top panel of Fig. 10 for a mass distribution with respect
to the temperature as a function of time). This critical
temperature at the onset of the post-merger mass ejection
is quantitatively the same as that found in general rel-
ativistic neutrino-radiation viscous hydrodynamics sim-
ulations of black hole-torus systems [60, 61]. However,
the time at the onset of the post-merger mass ejection is
earlier than that in the viscous hydrodynamics result for
the similar black-hole mass cases [61]. As indicated in

Refs. [52, 58, 65], the inherent magnetohydrodynamics
e↵ects such as magento-centrifugal e↵ect [88] are likely
to accelerate the mass ejection from the disk. The neu-
trino luminosity of ⇡ 1051.5 erg/s at the onset of the post-
merger mass ejection which we find in this paper is indeed
similar to that found in our recent magnetohydrodynam-
ics study [65].

Figure 7 plots the mass accretion rate onto the black
hole calculated by �dM>AH/dt and a neutrino emission
e�ciency defined by L⌫/(�dM>AH/dt). After the early
matter infall associated with the onset of the merger, the
mass accretion rate has a peak at t�tmerger ⇠ 10ms. This
is due to the fact that the magnetic-field strength is am-
plified in the accretion disk and the mass accretion rate is
enhanced (cf. Fig. 8). After the peak, the mass accretion
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FIG. 8. The time evolution of the electromagnetic energy evaluated for the outside of the apparent horizon for all the runs
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FIG. 9. The time evolution of the ratio of the electromagnetic energy to the internal energy evaluated for the outside of the
apparent horizon for all the runs with Q = 4 (left panel) and Q = 6 (right panel).

stability that takes place during the winding of the spiral
arm around the black hole and collision between di↵erent
parts of the spiral arm may also contribute partly to the
magnetic-field amplification.

After the initial amplification of the magnetic-field
strength, the ratio of EB/Eint reaches ⇠ 0.05–0.1. Then,
the magnetic-field growth is saturated. The electromag-
netic energy at the saturation, EB,sat, is smaller for
the smaller value of the initial magnetic-field strength.
However, the relative di↵erence in the saturated elec-
tromagnetic energy between models with di↵erent initial
magnetic-field strengths is not as large as that in the
initial electromagnetic energy. Furthermore, the electro-
magnetic energy for t & 30ms depends only weakly on
the initial condition (as well as on the grid resolution).
Thus, we infer that the amplification and saturation of

the magnetic-field strength take place in a universal man-
ner irrespective of the initial magnetic-field strength.

When reaching the saturation, the typical magnetic-
field strength is 1015 G (cf. Fig. 2) and the maximum
rest-mass density is ⇠ 1011–1012 g/cm3 in the inner-
most region. Thus the Alfvén velocity is ⇡ b/

p
4⇡⇢ ⇡

9⇥108 cm/s (b/1015 G)(⇢/1011 g cm�3)�1/2 and the wave-
length of the fastest growing mode of the MRI is typi-
cally ⇠ 10 km [84]. As a result, the wavelength of this
unstable mode is covered by tens of grid points in our
setting, and hence, the e↵ect of the MRI comes into
play subsequently. With the evolution of the disk, the
typical magnetic-field strength and rest-mass density de-
crease, but in the equipartition stage (see below), the
Alfvén velocity is always of order

p
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12

1048

1049

1050

1051

	10 	100 	1000

E
	 B
	[
er
g]

t	[ms]

Q4B5H
Q4B5L
Q4B3L

1048

1049

1050

1051

	10 	100 	1000

E
	 B
	[
er
g]

t	[ms]

Q6B5H
Q6B5L
Q6B3H
Q6B3L

FIG. 8. The time evolution of the electromagnetic energy evaluated for the outside of the apparent horizon for all the runs
with Q = 4 (left panel) and Q = 6 (right panel)
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stability that takes place during the winding of the spiral
arm around the black hole and collision between di↵erent
parts of the spiral arm may also contribute partly to the
magnetic-field amplification.

After the initial amplification of the magnetic-field
strength, the ratio of EB/Eint reaches ⇠ 0.05–0.1. Then,
the magnetic-field growth is saturated. The electromag-
netic energy at the saturation, EB,sat, is smaller for
the smaller value of the initial magnetic-field strength.
However, the relative di↵erence in the saturated elec-
tromagnetic energy between models with di↵erent initial
magnetic-field strengths is not as large as that in the
initial electromagnetic energy. Furthermore, the electro-
magnetic energy for t & 30ms depends only weakly on
the initial condition (as well as on the grid resolution).
Thus, we infer that the amplification and saturation of

the magnetic-field strength take place in a universal man-
ner irrespective of the initial magnetic-field strength.

When reaching the saturation, the typical magnetic-
field strength is 1015 G (cf. Fig. 2) and the maximum
rest-mass density is ⇠ 1011–1012 g/cm3 in the inner-
most region. Thus the Alfvén velocity is ⇡ b/

p
4⇡⇢ ⇡

9⇥108 cm/s (b/1015 G)(⇢/1011 g cm�3)�1/2 and the wave-
length of the fastest growing mode of the MRI is typi-
cally ⇠ 10 km [84]. As a result, the wavelength of this
unstable mode is covered by tens of grid points in our
setting, and hence, the e↵ect of the MRI comes into
play subsequently. With the evolution of the disk, the
typical magnetic-field strength and rest-mass density de-
crease, but in the equipartition stage (see below), the
Alfvén velocity is always of order

p
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851 3. Properties of ejecta

852 Now we turn our attention to the properties of the ejecta.
853 The bottom panel of Fig. 10 displays the mass distribution
854 of the remnant matter with respect to the electron fraction
855 Ye for model Q4B5H. This shows that there are two
856 characteristic peaks of Ye in regions around 0.05 and
857 0.25–0.35, respectively. The former peak is associated
858 primarily with the dynamical ejecta and the latter with
859 the accretion disk for t≲ 400 ms and post-merger ejecta for
860 t≳ 400 ms. This figure clearly shows that the dynamical
861 ejecta component with Ye ¼ 0.03–0.07 comes directly
862 from the neutron star, because the values are unchanged
863 from the beginning. That is, this dynamical ejecta compo-
864 nent is not essentially affected by thermal or weak-
865 interaction processes during the merger and post-merger
866 stages.
867 By contrast, the electron fraction of the post-merger
868 ejecta is found to be determined by the evolution process of
869 the accretion disk, in which the typical electron fraction
870 increases from ∼0.05 to ∼0.25 for 0 < t≲ 200 ms. As
871 already mentioned, at this stage the accretion disk gradually
872 expands due to the viscous and magnetohydrodynamical
873 angular-momentum transport and magnetic pressure by the
874 amplified magnetic-field strength, and its rest-mass density

875and temperature monotonically decrease. In the disk with
876its optical depth to neutrinos ≲1, the electron fraction is
877determined predominantly by the reaction equilibrium
878between electron/positron capture reactions if the temper-
879ature is high enough (typically kT ≳ 2–3 MeV; see
880Refs. [62,65,99]) for their time scale to be shorter than
881that of the disk expansion. Due to the disk expansion, the
882electron degeneracy becomes weak, and as a result the
883electron fraction is shifted to higher values in the reaction
884equilibrium state. With the decrease of the temperature, the
885neutrino luminosity decreases approximately in proportion
886to T6. As already mentioned, the post-merger mass ejection
887sets in when the neutrino luminosity drops below
888∼1051.5 erg=s, which occurs for t≳ 300 ms. The typical
889value of Ye for the post-merger ejecta is determined around
890this timing, resulting in Ye ≈ 0.25" 0.10.
891Figure 11 shows the rest-mass histograms as functions of
892the electron fraction and velocity for the ejecta component
893for the models for which the simulation time is longer than
8941 s. The mass histograms are derived for the ejecta
895component outgoing from the radius of ≈104 km. As
896described in the previous paragraphs, there are two distinct
897Ye components for the ejecta, and this feature is clearly
898observed in Fig. 11. The dynamical ejecta component

F11:1 FIG. 11. Mass histograms as functions of the electron fraction (left panels) and velocity (right panels) of ejecta for the models with
F11:2 simulation time longer than 1 s (models Q4B5H, Q4B5L, Q4B3L, Q6B5L, and Q6B3L). Models with Q ¼ 4 and Q ¼ 6 are displayed
F11:3 in the upper and lower panels, respectively.

16

17

GENERAL-RELATIVISTIC NEUTRINO-RADIATION … PHYS. REV. D XX, 000000 (XXXX)

15

Electron fraction, Ye: two components
Dynamical ejecta

Post-merger ejecta

Neutron rich Electron fraction

Consistent with the merger + post-merger studies



Nucleosynthesis: Preliminary by S. Wanajo
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3D view: By Kota Hayashi
NEW: Absence of equatorial-plane symmetry
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IV  Issues

ØNext step: Perform seconds-long simulations for binary 
neutron stars: Kiuchi is working on this now

• Improve weak interaction 
üBetter neutrino radiation transfer (never-ending issue)
üNeutrino oscillation (only qualitative study possible)
• Improve angular momentum transport
üMHD with high resolution (never-ending issue)
• Dynamo in remnant neutron stars (long-term simulation 

is needed; not yet seriously attacked)
üHow global magnetic fields are developed in the 

presence of remnant neutron stars?



Electron fraction in resistive MHD+ dynamo terms
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