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I  Introduction
NS merger was 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 (e.g., Li & Paczynskii 1998)

• Invaluable site for studying nuclear equation of state 
through GW detection (e.g., Lai et al. 1993, Hinderler 2008,…..)

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



GW170817 & EM counterparts

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Variety of NS-NS merger remnants based on NR
Typical Cases (galactic binary pulsars): 
m= 2.5—2.8Msun (e.g., GW170817)

Likely minority but could occur
(GW190425)

GRB ?

BH
+ tiny disk 

No kilonova
No nucleosynthesus

A wide variety of  possibilities exist; need widely exploring



Two fates of BH-NS binaries

Low BH mass 
or 

High BH spin
à BH  + disk

GRB ?

High BH mass 
and/or 

Low BH spin
à BH, no disk

No kilonova
No nucleosynthesus



Animation by Fujibayashi & Kiuchi

II  Status of NS merger theory based on
numerical relativity simulations



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

Time after merger
0                          10                       100                     1000 ms

Merger    à compact obj + disk 

ØWeak interaction determines the property of ejecta:
Important for nucleosynthesis & kilonovae

ØElectron fraction, Ye(=np/(nn+np)), is key for r-process

g-ray burst (< 2s)

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

Mass ejection scenario



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

• Many numerical-relativity simulations have been done 
since 2013 (easy to do now) à Well understood

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

Dietrich, Bernuzzi…., now it is routine work): For low total mass 
(MNS formation), it is <~10-3 Msun

• 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 Ejecta mass ~ 0.05–0.1 Msun for long-lived NS formed,  
while it is lower,  ~ 0.01 Msun,   for BH formation 

• Weak interaction physics (e.g., neutrino reaction) is key 
for determining electron fraction (Ye) (Metzger & Fernandez 
‘14, Just+ ‘15, ‘21, Siegel-Metzger ‘18, 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
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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: long

𝜌 ↘
BH/NS



Viscous hydro simulation in full GR: 
3 solar mass BH + 0.1 solar mass disk
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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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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. (2022) 
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High Ye by post-merger ejection



The goal of NS merger simulations
• Important timescales:
ØDynamical mass ejection timescale ~ 10 ms
ØPost-merger mass ejection timescale ~ O(1) s
ØShort gamma-ray bursts: up to ~2 s
à Until quite recently, the merger and post-merger 
simulations are performed separately
üFor self-consistent studies, a simulation of inspiral, 

merger & post-merger with > 1 s is required
• MHD effects are likely to be the key
• Weak processes are the key for nucleosynthesis
à Seconds-long GR+rad+MHD simulation with 
weak physics input (e.g., neutrino transfer) is needed



Second-long self-consistent simulations 
for BH-NS & NS-NS mergers 

are now feasible!

K. Hayashi et al. PRD 106, 023008, 2022
K. Kiuchi et al. in preparation

2 steps mass ejection scenario is reconfirmed



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

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

density B-field strength B/r

Ye Temperature Specific entropy

K. Hayashi et al. PRD106 (2022)NS with strong dipole field initially

density Magnetic-field strength B2/4prc2

electron fraction temperature Entropy per baryon

BH mass
=5.4Msun
c(spin)

=0.75
NS mass
=1.35Msun



Butterfly diagram at fixed r: toroidal field

high density and high temperature, the disk is massive with
a mass ≳0.1 M⊙ in the early stage. In such a stage, the
neutrino luminosity becomes higher than 1053 erg=s which
is comparable to or higher than the viscous heating rate for
a compact disk with a high viscous parameter [61]. During
the stage when the neutrino luminosity is as high as the rate
of the viscous heating (and the shock heating associated
with the magnetohydrodynamical activity in the present
context), the matter in the accretion disk is not affected
significantly by the heating effect, although the accretion
disk gradually expands due to the viscous/magnetohydro-
dynamics angular-momentum transport and magnetic pres-
sure resulting from the enhanced magnetic-field strength.
However, with the expansion, the density and temperature
of the accretion disk decrease, and consequently the
neutrino luminosity sharply decreases because the neutrino
emissivity is approximately proportional to T6 [92]. As the
neutrino luminosity drops below the heating rate due to the

viscous and magnetohydrodynamics activities, neutrinos
cannot efficiently carry away the thermal energy from the
accretion disk and the thermal energy generated by the
viscous/magnetohydrodynamics effect influences the evo-
lution of the accretion disk. Specifically, convective motion
of the matter in the innermost region of the disk, in which
the viscous heating and shock heating are most efficient, is
excited and blobs of the matter heated in the vicinity of the
black hole are moved toward the outer region of the disk
along the surface of the disk.4 As a result, the matter in the
outer part of the disk obtains thermal energy and the heated
matter eventually becomes unbound from the system to be
the post-merger ejecta (cf. the second and third rows of

FIG. 2. Profile of the average toroidal magnetic field along the polar direction (θ) at r ≈ 50 km as a function of time for models Q4B5L
(top panel) and Q4B5H (bottom panel).

4See the following animations for the entropy per baryon (s=k)
and convective activity: https://www2.yukawa.kyoto-u.ac.jp/
∼kota.hayashi/Q4B5L-2000a.mp4; https://www2.yukawa.kyoto-
u.ac.jp/∼kota.hayashi/Q4B5L_sent.mp4.

GENERAL-RELATIVISTIC NEUTRINO-RADIATION … PHYS. REV. D 106, 023008 (2022)
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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. 5. The time evolution of the maximum rest-mass density of the bound matter located outside the apparent horizon for
all the runs with Q = 4 (left panel) and Q = 6 (right panel).
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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. 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
EB/Eint(⇠ 10%) of
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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.
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Electron fraction, Ye: two components
Dynamical ejecta

Post-merger ejecta

Neutron rich Electron fraction

Consistent with the merger + post-merger studies



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

Credit: Kota HayashiNS with strong dipole field initially
Magnetic-field strength

Electron fraction Rest-mass density

Magnetic-field strength Magnetization

Formation of collimated Poynting flux
Time



1.2-1.5 solar mass NS-NS merger to a BH + disk: New
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III   Remaining issues
• What happens for long-lived neutron star formation?
üDifferential rotation is present both in NS and disk 
àA strong magnetic field is likely to be developed

• Magnetic-field amplification by dynamo proceeds
not only in disk but also in NS??
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Magnetic -field amplification in MNS?P. Barrère et al.: A new scenario for magnetar formation: Tayler-Spruit dynamo in a proto-neutron star spun up by fallback

Fig. 1. Schematic representation of the di↵erent stages of our magnetar formation scenario. The dashed line encloses the region of the fallback
(orange arrows). Red and white lines represent the magnetic field lines and fluid motions, respectively.⌦ stands for the angular rotation frequency.

and the surface rotation can be accelerated up to millisecond pe-
riods. In our scenario, the core of the progenitor is assumed to be
slowly rotating. Thus, the PNS surface spins faster than the PNS
interior, which creates di↵erential rotation.

To model the accretion onto the PNS surface, we use the
asymptotic scaling for the mass accretion rate Ṁacc / t�5/3 from
Chevalier (1989). As the accretion mass rate must be finite at the
beginning of this accretion regime, we define a start time t0 such
that

Ṁacc =
A

(t + t0)5/3 , (1)

where A is a constant. Then, the accreted mass during this regime
is

Macc =

Z 1

0

A
(t + t0)5/3 dt . (2)

Since Macc is constant, we have A = 2
3 t2/3

0 Macc and so the accre-
tion mass rate is

Ṁacc =
2
3

t2/3
0

Macc

(t + t0)5/3 . (3)

From the fallback matter, only a fraction with an angular mo-
mentum at most as large as the Keplerian limit will be accreted
by the PNS as discussed by Janka et al. (2022). Therefore, the
relation between the average angular rotation frequency of the
PNS and the mass accretion rate is

⌦̇ =
jkep

I
Ṁacc , (4)

where I stands for the PNS moment of inertia and
jkep ⌘

p
GMPNSr is the specific Keplerian angular momentum at

the PNS surface. Since the PNS mass changes little and the con-
traction of the PNS is almost over at the times considered for the
fallback accretion, we assume I to be constant. As supposed in
Fuller et al. (2019), the angular momentum is transported faster
latitudinally than radially due to stratification, so that the di↵er-
ential rotation is shellular, i.e. ⌦ is constant on spherical shells.
Here, we assume that the shear rate is initially q ⌘ r@r ln⌦ ⇠ 1.

2.2. Shearing and Tayler instability growth

The di↵erential rotation generated by the fallback will shear the
radial component of the large-scale radial magnetic field Br into
the azimuthal field B� as follows

@tB� = q⌦Br . (5)

Therefore we can define a growth rate1 for B�

�shear ⌘ q⌦
Br

B�
. (6)

As B� grows, it becomes Tayler unstable. To depict the linear
growth of the instability, we make the following assumptions.
First, the stratified medium of the PNS interior is characterized
by the Brunt-Väisälä frequency (Hüdepohl 2014)

N2 ⌘ �g
⇢

 
@⇢

@S

�����
P,Ye

dS
dr
+
@⇢

@Ye

�����
P,S

dYe

dr

!
⇠ 1.6 ⇥ 107 s�2 , (7)

where g, ⇢, Ye and S are the gravitational acceleration, the PNS
mean density, the electron fraction and the entropy, respectively.
Second, the main background azimuthal field is B�, which is as-
sociated with the Alfvén frequency

!A ⌘
B�p
4⇡⇢r2

' 11.6
 

B�
1015 G

!
s�1 , (8)

for r = 12 km and ⇢ = 4.1 ⇥ 1014 g cm�3. And third, the frequen-
cies characterizing the PNS are ordered such that

N � ⌦ � !A . (9)

1 Note that this growth rate and the other ones that will be defined
later are rather instantaneous growth rates because they depend on the
magnetic field.
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A very phenomenological approach as an experiment

• a-W Dynamo is likely to play a crucial role in 
magnetic-field (B-field) amplification not only for the 
disk but also for remnant NS

à Need 3D high-resolution MHD with microphysics for 
remnant neutron star

• However, it is not an easy task; Simple modeling?
• A phenomenological approach that explores possible 

effects by amplified B-field in the remnant NS:         
Shibata, Fujibayashi, Sekiguchi PRD 104, 063026 (2021)

• This can perhaps give the most extreme possibility



Basic equations for resistive MHD + dynamo

• 𝐹(& = 𝑛(𝐸& − 𝑛&𝐸( + 𝑛)𝜖)(&*𝐵*
• ℰ( = 𝛾𝐸(, ℬ( = 𝛾𝐵(

𝜕+ℰ, = −𝜕- 𝛽,ℰ- − 𝛽-ℰ, + 𝛼𝜖-,.ℬ. − 4𝜋𝐽,

𝜕+ℬ, = −𝜕- 𝛽,ℬ- − 𝛽-ℬ, − 𝛼𝜖-,.ℰ.
where 𝐽, = 𝑄𝑣, + 𝛼𝜎/E

F
𝛼𝑢+𝐴 .

, ℰ. + 𝜖,.-𝑢.ℬ- −
𝛼0 −𝛼𝑢+𝐴 .

, ℬ. + 𝜖,.-𝑢.ℰ-
and 𝐴 .

, = 𝛿 .
, − 𝛾,-𝑢-𝑢./ 𝛼𝑢+ 1

• The term associated with ad is related to dynamo
for hypothetical amplification of fields.

• The term associated with (a finite value of) sc
is related to resistive dissipation present in dynamo.



An isotropic turbulent theory tells
(e.g., Brandenburg and Subramanian, Phys. Rep. ‘05)

• 𝛼0 = − 2
3/
𝜏/45 𝑢, L ∇×𝑢, ~

6,
-

3/7
𝜏/45~O(10#8)

• 𝜂 = /-

89:.
= 2
3
𝜏/45 𝑢, L 𝑢, ~

6,
-

3
𝜏/45

→ 𝜎/~10; − 10< s#2

where we assume 𝜏/45~Ω#2 Ω: angular vel.
• Fastest growing rate of dynamo mode:               

𝜔=>? =
3
8

9*/
-:.@
8

2/3
=

46 s#2 |*/|
2C01

1/3 :.
3×2C2 E03

2/3 @
2C4 FGH/E

1/3

where 𝑆 = IJ
IKLM

à Growth time ~ 10/𝜔=>? ~O(100) ms



Check & setup for simulation
• Does this treatment qualitatively reproduce the results 

of viscous hydrodynamics for disks around BH?
üYes.
• Does this treatment qualitatively reproduce MRI 

dynamo in disks around BH?
üYes. 

see, Shibata, Fujibayashi, Sekiguchi PRD 104, 063026 (2021)

• All the following simulations were done in axial and 
z-plane symmetries with a small toroidal magnetic 
field as an initial seed



Poloidal lines and toroidal strength (color)
Polarity of magnetic field changes with time

Result is similar to Christie et al. (2019)

BH + disk case



Evolution of remnant NS + disk

• Remnant of 1.35-1.35 solar mass merger model is 
used as an initial condition

• Same simulation was performed in viscous 
hydrodynamics (Fujibayashi+ ApJ 901, ‘21)
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Effect of magnetic fields developed by dynamo

• By dynamo action, magnetic fields are amplified
• Some of field loops are ejected from the NS  &  

global fields with high field strength are developed           
à Some of field lines have an anchor at the NS

• Angular velocity of NS is larger than of disk/ejecta
• Magnetocentrifugal force associated with NS plays 

an significant role for surrounding matter and ejecta  
if dissipation timescale of B-fields in NS is not short

• Mass ejection and ejecta kinetic energy are 
enhanced significantly

Maybe, the most extreme possibility



star is so short that the magnetic braking effect is not very
outstanding as found in the bottom panels of Fig. 11. That
is, before the sufficient growth of the poloidal fields in the
neutron star which activates the magnetic braking, the
resistive effect becomes important, and hence, the differ-
ential rotation is preserved for a relatively long timescale.
For these models, the effect of the neutron star on the mass
ejection becomes relatively minor (see below).
Associated with the magnetic-field amplification, the

matter is ejected from the merger remnant, primarily from
the torus surrounding the massive neutron star. However,
this does not imply that the role of the massive neutron star
is not important for the mass ejection as described in the
following.
As already mentioned, by the enhancement of the

magnetic-field strength, the turbulent state is developed
in the torus and the enhanced magnetic-field force induces
the mass ejection from the torus (see, e.g., Figs. 8 and 10).
This situation is qualitatively the same as that in the mass
ejection from the black hole–disk systems. However, in the
presence of the neutron star in the central region, the
magnetocentrifugal effect [72] further enhances the mass
ejection efficiency because some of the magnetic-field lines
are anchored by the neutron star and the angular velocity of
the neutron star is higher than that of the torus. Because of

the presence of this additional effect, the total ejecta mass
can be higher than that in the viscous hydrodynamics
simulation with reasonable viscous parameters [31], in
particular for the high values of σc [see Fig. 12(a)] with
which the dissipation timescale of the magnetic fields in the
neutron star is longer. In addition, the ejecta velocity is
enhanced significantly for σc ≥ 3 × 107 s−1 [see Fig. 12(b)].
In particular for σc ¼ 108 s−1 (model MNS80), the average
ejecta velocity becomes ∼0.5c. Even for σc ¼ 3 × 107 s−1,
the ejecta velocity is always by a factor of∼2 higher than that
in viscous hydrodynamics, and the kinetic energy of the
ejecta ≈Mejev2eje=2 becomes ≳1052 erg for models MNS80,
MNS75a, MNS75b, and MNS75c. This implies that if the
strong magnetic-field lines anchored in the neutron star are
present for a few hundred ms, the magnetocentrifugal force
plays a significant role in themass ejection. By contrast, if the
strong magnetic field is present only for ≲100 ms (i.e.,
σc ≤ 107 s−1), the magnetocentrifugal force is likely to be a
minor effect. In particular, if the dynamo effect is not strong,
i.e., for MNS70a, the mass ejection efficiency in the MHD
simulation isweaker than in theviscous hydrodynamics case.
However, if the magnetic-field growth occurs in a short
timescale, i.e., within ∼200 ms, the strong magnetic-field
effect is universally observed irrespective of the values of αd

(a) (b)

(c) (d)

FIG. 12. Evolution of (a) rest mass, (b) average velocity, (c) average entropy per baryon, and (d) average electron fraction of the ejecta
for all the models listed in Table II. The solid and dashed curves show the results with the high- and medium-resolution runs,
respectively. For comparison, the results for a viscous hydrodynamics simulation (model DD2-135M in Ref. [31]) are plotted together
with the time shift of þ0.2 s.

SHIBATA, FUJIBAYASHI, and SEKIGUCHI PHYS. REV. D 104, 063026 (2021)
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Radio light curve model (Kawaguchi et al. ApJ, 933, ‘22)Radio a=erglow

Radio a=erglow

Synchrotron radiation models with 
ee=0.1, eB=0.01, p=2.2, and D=200Mpc

Could be very bright for >~ 10 days if strong global 
B-fields are present for > 100—200 ms after merger

Model with short dissipation time <~100 ms

Long dissipation

Moderate diss

Short diss

Long dissipation
Moderate diss

Short diss

Approximately current obs. limit



Electron fraction
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Nucleosynthesis result by Wanajo
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IV  Conclusion
• Long-term numerical-relativity simulation from late 

inspiral to merger & post-merger is feasible now         
à “Standard scenarios for merger & post merger”

• Properties of dynamical and post-merger ejecta can 
be studied in a self-consistent way by GRRMHD      
if the merger remnant is a black hole

• Remaining task 1: In the presence of a remnant NS, 
we still do not understand the details, but something 
violent may happen

• Remaining task 2: Sophisticated radiation transfer 
code is necessary to better quantify the post-merger 
ejecta property



Thank you very much!


