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Schedule: LIGO & VIRGO work well but 
KAGRA does not….	

12 KAGRA Collaboration, LIGO Scientific Collaboration, and Virgo Collaboration
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Fig. 2 The planned sensitivity evolution and observing runs of the aLIGO, AdV and KAGRA detectors
over the coming years. The colored bars show the observing runs, with achieved sensitivities in O1, O2 and
O3, and the expected sensitivities given by the data in Fig. 1 for future runs. There is significant uncertainty
in the start and end times of the planned observing runs, especially for those further in the future, and
these could move forward or backwards relative to what is shown above. Uncertainty in start or finish
dates is represented by shading. The break between O3 and O4 will last at least 18 months. O3 is expected
to finish by June 30, 2020 at the latest. The O4 run is planned to last for one calendar year. We indicate
a range of potential sensitivities for aLIGO during O4 depending on which upgrades and improvements
are made after O3. The most significant driver of the aLIGO range in O4 is from the implementation of
frequency-dependent squeezing. The observing plan is summarised in Sect. 2.5

2025+ : With the addition of an upgraded aLIGO interferometer in India we will
have a five-detector network: three aLIGO detectors with a design sensitivity of
330 Mpc, AdV at 150 – 260 Mpc and KAGRA at 130+ Mpc.

This timeline is summarized in Fig. 2.9 Detailed planning for the post-O3 period
is in progress and may result in significant changes to both target sensitivities and
uncertainty in the start and end times of the planned observing runs, especially for those
further in the future. As the network grows to include more detectors, sky localization
will improve (Klimenko et al. 2011; Veitch et al. 2012; Nissanke et al. 2013; Rodriguez
et al. 2014; Pankow et al. 2018), as will the fraction of observational time with multiple
instruments on-sky. The observational implications of these scenarios are discussed in
Section 5.

3 Searches and localization of gravitational-wave transients

Data from GW detectors are searched for many types of possible signals (Abbott
et al. 2018f). Here we focus on signals from CBCs, including BNS, NSBH and BBH
systems and generic unmodeled transient signals.

9GEO 600 will continue observing with frequent commissioning breaks during this period.

arXiv: 1304.0670	
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50—55 Mpc	

120—140 Mpc	

At best 4 Mpc … 
1Mpcが目標らしい	

せいぜい30Mpcらしい 
がそれすら信頼できる？ 



Detection continues and is accelerated	

Credit: LIGO & Virgo
Reitze & Lazzarini LIGO Caltech

~90% are binary black holes	



2    Practical GW sources	

•  当面の現実的な重力波源とは? 
v 十分な発生頻度がある：必須 
² 波形が予言でき、理論波形による解析で検出を最適

化できる 
   あるいは、 
² 重力波で最初に観測できなくても、電磁波やニュート

リノで観測できる 

•  前者：コンパクト連星のinspiral、合体 
•  後者：星の重力崩壊＋超新星爆発(頻度？)



Sensitivity is not still high,  
so data is extremely noisy	 8
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FIG. 5: Two BBH candidates GWC170402 and GW170817A initially selected as significant L1 single detector triggers. Upper
panels show the whitened strain series around the trigger times (light colored curves), with the network maximum likelihood
IMRPhenomD waveforms overplotted (dark colored curves). The corresponding spectrograms are shown in the lower panels.

a H1 counterpart signal was later confirmed in the o✏ine
search. It was also confirmed by a refined analysis with
the PyCBC pipeline [17].

GW170818 is an ideal example to demonstrate how
the astrophysical nature of a single detector trigger can
be validated by evaluating the coherent score, as it has
a high SNR at L1 (⇠ 10) but very low SNRs at H1 and
V1 (both ⇠ 4). Figure 4 shows the coherent score S for
this event using the data in L1 and H1 alone, and its dis-
tributions under the noise and astrophysical hypotheses.
The high value for the coherent score, S = 29.7, mea-
sured from the consistency of the data in the two LIGO
detectors, is an obvious outlier relative to P (S|H0), with
none of our 1000 Montecarlo realizations yielding a higher
value for the score. In contrast, it is fully consistent with
typical values drawn from P (S|H1). At S = 29.7, the
probability density for the coherent score under the as-
trophysical hypothesis is more than 30 times higher than
that under the noise hypothesis.

In Table I, this is the trigger with the highest L1 SNR
among those that have not been validated in the two-
detector joint analysis, and it has no similar glitches.
Considering these facts, we are able to assign an inverse
FAR better than 1000O2 for GW170818 purely from the
coherence of the recovered signals in L1 and H1. Hence,
we are able to confirm its astrophysical origin even with-
out confirmation from the Virgo detector.

III. SUMMARY OF RESULTS

Table I summarizes our results on O2. Among the
eight highest (L1-based) ranking events, six were pre-
viously detected BBH events (that were detected using
Hanford (H1) and Virgo (V1) data), which gives us some
confidence in the ability of the ranking statistic to iden-
tify interesting triggers.

For the other two triggers, we detect faint counterpart
signals in Hanford with a locally measured inverse false-
alarm rate of FAR�1

> 36 O2 ⇡ 11.5 yr. Note that for
GW170817A, the H1 data needs to be cleaned of artifacts
in the frequency domain by notching out frequencies 68–
73 Hz, and 92–96 Hz.

We tested triggers further down on the list, and do not
find any significant supporting evidence from the Han-
ford detector for any of them. We additionally verified
that the distribution of the computed scores (quantifying
multi-detector coherence) for these fainter triggers is con-
sistent with the predicted one with no signal (and hence
consistent with pure background events in the Livingston
detector).

We name the two new events GWC170402 and
GW170817A according to the date of occurrence. Fig-
ure 5 shows the spectrograms of the strain data in the
Livingston detector around the two events.

Zackay et al. arXiv: 1910.09528	



連星からの重力波をとらえる意義

Ø ブラックホールの質量とスピン分布の理解                
à ブラックホールやその連星の形成過程の理解 

•  星の進化理論によれば、ブラックホールが誕生しない
とされる質量領域(太陽の5倍以下と50-100倍程度)が
あるが本当か？ 

•  連星ブラックホールは主に大質量連星から誕生した
のか、星団内で捕獲過程で誕生したのか？　         
（スピン分布と離心率がヒント。） 

•  高速回転するブラックホールは存在するのか？ 
Ø 中性子星の質量分布は？ à 状態方程式にヒント

(例：最大質量の下限) 



中性子星の合体を観測する意義

1.  それ自身が未知の現象なので面白い 
2.  中性子星の状態方程式の貴重な実験場 
3.  R-process 元素合成の有力候補 
4.  ショートガンマ線バーストの起源か？ 
•  後の3つは全て50年以上昔からの問題



3  Why numerical simulation is needed ?	

1.  波形の正確な予言: 重力波主導での検出、および
重力波源のパラメータの決定に不可欠 

2.  電磁波、場合によってはニュートリノ信号、の予言 

•  重力波は、現象の情報の一部しか運んでこない。 
•  電磁波の予言は極めて重要。 
•  GW170817が好例。 



Discovered ! GW170817 and EM counterparts	

From www.ligo.org	

Gamma-ray by Fermi/GBM	

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

Sky localization	

NGC4993	



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

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

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

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

II. DATA

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

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

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

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

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

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

161101-2

   Key parameters
•  m1

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

1.186+0.001
-0.001 Msun  (90%CL)  

•  For reasonable spin of NSs,  
Mass ratio=0.73—1.0 (90% CL)    

à Total mass=2.73—2.78 Msun 

à Binary neutron stars
•  Tidal deformability=300+500

-190             

à NS radius <~ 13.5 km

PRX 9, 011001 (2019)	

~100 sec observation



GW observation determines the sky location  
within 30 square degree !	

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.
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EM counterparts of GW170817	

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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Courtesy: Mooley & Hotokezaka 	

Kilonova   &   (off-axis) afterglow	

*µJy=10-29 erg/s/cm2/Hz	

Flux	



Neutron star merger: remnant & signals	

Relativistic jet 
with small  

 opening angle	
BH/NS plus 
accretion torus  

Dynamical ejecta that confines  jet  
Fig: Kenta Hotokezaka,  
+ revised	

Radioactively  
powered emission: 
Optical & infrared 

Cocoon	

Cocoon emission: 
X-ray, optical, radio	

GW170817	

Post-merger ejecta  
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Data: Villar +, 1711.11576

~1042 erg/s	 ~1041 erg/s	

Bright & late-time infrared 
à  High opacity (large κ)
à  R-process nucleosynthesis  
        of heavy elements ?	

Bright & early-time optical 
à  Low opacity (small κ)
à  Poor Lanthanide ?	

optical	

infrared	

光度



Mass ejection from GW170817 
(scenario based on numerical 
relativity)	

Dynamical ejecta <~0.01 Msun 
(very neutron-richà 
  light—heavy r elements)

Dynamical ejecta 
      <~0.01Msun 
much Lanthanide

Ejecta from remnant ~ 0.03Msun 
mildly neutron-rich 
 àlight r elements 
     little lanthanide 

Massive neutron star 
           + torus

Viscous effect
これは本当なのか？	



4  Current status & issues for     
neutron-star binary simulations	

A.  重力波について 
1.  連星ブラックホールに比べ高精度計算が少数。　　 
2.  周回数も少ない(せいぜい20周)à より良いテンプ

レートの作成には、30周以上の計算が今後は必要。
同時に高精度化が必須: 注：中性子星の状態方程
式の抽出には高精度のテンプレートが必須 

3.  連星中性子星の計算に比べ、ブラックホール・中性
子星連星の計算が進んでいない。今後がこれに注
力が必要(パラメータが多い)。 

4.  合体後の波形に対して物理的な精度の高い計算
がなされていない(ただし早急な課題ではない)。



-0.2

-0.1

 0

 0.1

 0.2

 0  0.02  0.04  0.06  0.08  0.1

h 
c2  D

 / 
G

 m
0

tret (s)

EOB 
(Damour,  
 Buonanno)	

Gravitational waveform from NS-NS:  
hybrid waveforms (1.35-1.35 solar mass)	

Black: BH (by SXS) 
Red:   SFHo (11.9 km) 
Green: DD2 (13.2 km) 
Blue:   TM1 (14.5 km)	

Numerical-relativity	

Late inspiral
Lai et al., ‘94
Hinderer & Flanagan ‘08	

Post merger
Centrella+ ‘94
Shibata ‘05 …	

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



Spectrum	
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Post-merger	

Figure for total SNR=34
  for one detector	

この部分の
状態方程式
依存性を測るのが
当面の大目標



Gravitational waveform from  
black hole-neutron star binary	
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Neutron star “mergers”

•  合体後：より物理的な改良が必要 
1.  高解像度磁気流体計算は必須：角運動量輸送や

outflow について信頼できる知見が必要。 
2.  ニュートリノ輻射輸送の精緻化も必須　　　　　　　　　　　　

→元素合成計算に必要 



NS mergers based on numerical relativity	

Latest GR + neutrino + MHD simulation 

Animation by Sho Fujibayashi & Kenta Kiuchi at AEI	



Mass ejection scenario	

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

                                              

Time after merger	
0                          10                       100                     1000 ms	

Neutrino irradiation from MNS (in lifetime of MNS) 
This is not very important for BH+disk.          

MNS/BH + disk	

Two steps mass ejection	

Shine !	

Observation	
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なぜ高解像度MHD計算が望まれるか？
•  粘性係数はMHD過程で決まるのだが、、、
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粘性係数を現実的な範囲で変化させると

α=0.15, 0.10, 0.05	
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FIG. 7. Several quantities for models K8, K8h, K8n, Y8, and K6. Average cylindrical radius (top left), average specific entropy
(top right), and average value of Ye (middle left) of the matter located outside the black hole as functions of time. The middle
right panel shows the time evolution of the total neutrino luminosity, L⌫ . The bottom two panels show an e�ciency of the
neutrino emission defined by the total neutrino luminosity, L⌫ , divided by the rest-mass energy accretion rate of the matter
into the black hole, c2dMfall/dt (left) and total ejecta mass Meje (bottom right) as functions of time. For model K8, the results
with a higher resolution run are also plotted and it is found that the results depend only weakly on the grid resolution.

neutrino heating does not play a substantial role for the
mass ejection; the mass ejection rate and ejecta velocity
are not substantially influenced by the neutrino heating.
The reason for this is that the neutrino luminosity is not
very high for our model (see Fig. 7(d)): Only in the early

stage of the disk evolution with t . 20 ms, the total lumi-
nosity exceeds 1053 erg/s, while for t & 100 ms for which
the mass ejection becomes active, the luminosity drops
to < 1052 erg/s exponentially, resulting in the small con-
tribution to the mass ejection by the neutrino heating.

τvis > τν   or  τvis < τν    	

初期　　　　　後期

ブラックホールの外にある物質の 
Electron fractionの質量平均値



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 
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Long-term high-resolution,  
3D GR+Rad+MHD is needed	

•  現在： 0.400PF machine ~ 128 nodes Xeon Gold 6248, 
Resolution=200m, physical time ~ 1 s à 1 month à 
解像度不十分 

•  必要なのは: Resolution<100m, physical time >~ 3 s      
à 24 * 3 Month ~ 60 months 

•  しかし、、、、。 



何が問題か：ブラックホール降着円盤を例に

•  効くと思われる代表的磁気不安定性 
1.  Magneto-rotational instability (MRI) 
2.  Magnetic winding 

1 は、物理的に考慮するのが簡単ではない。 
2 は、やめて欲しいのに効いてしまう。



MRI (BH mass=3 solar mass)	
•  Exponential growth ~ exp(t/τ): τ-1=3Ω/4 (Keplerian 

case): growth time scale ~ 10 τ ~ a few ms 
•  Fastest growing mode:                                     

wavelength λ ~ 2π va/Ω; va ~ B/(4π ρ)1/2 

Ø Typical value of the merger remnant 
ü Ω ~ 5000 rad/s : 周期 ~ 1 ms 
ü B ~ 1013 G   (à 1015 G, eventually) 
ü ρ ~ 1011 g/cc 
   à va ~ 100 km/s 
ü λ ~ 100 m:  It is difficult to resolve 
² Black hole horizon radius ~ 5 km 	
よくやるのは磁場を大きくして改造できるようにする

例えば1014 G	



Magnetic winding	

•  BT ~ BP0 Ω t : BP0 ~ BT0 

•  Since Ω ~ 5000 rad/s, BT is increased by a factor of 
10 in 2 ms 

•  If BP0 ~ BT0 ~ 1014 G for resolving MRI, in 2 ms,   
1015 G is reached                                                            
à Growth timescale of MRI is also a few ms 

•  In reality, winding never plays a role but numerically 
it plays a bad role, but we cannot exclude its effects 

したがって大抵のGRMHD simulationでは物理過程が 
正しく追えていない。 
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Figure 6. The rest mass outflow rate’s Ṁout (panel a), evaluated at rout =
109 cm ≈ 2000 rg , strong dependence upon the post-merger field geometry
(see legend) demonstrates that strong poloidal flux is required for launching
prompt mass outflows. The time in which the initial outflow reaches rout
depends on the post-merger geometry, stemming from the developing and
saturation time of the MRI as well as the velocity of the outflows’ strong
dependence on the post-merger field geometry (see Table 2). The large
variation in Ṁout for times ! 1 s presents itself as a ∼ 12 per cent (∼
4 × 10−3 M⊙) difference in the amount of ejected material Mejec (panel
b). At late times (t " 1 s), Ṁout becomes insensitive to the post-merger
geometry, displaying a temporal trend of ∝ t−2.3 in all models, resulting in
a flattening of Mejec.

Why has no simulation seen the development of strong BH
magnetic fields in simulations of compact discs with purely toroidal
initial magnetic field? There are several possible explanations. First,
BH magnetic flux becomes substantial (Fig. 4) and the jets become
noticeably strong relative to the accretion flow (Fig. 2) only at t "
3 s. This corresponds to an extremely long duration of the simulation
in terms of BH light crossing times, t ∼ 2 × 105 rg/c, much longer
than the typical simulation duration of ∼ 104 rg/c. Thus, previous
simulations might not have been long enough to observe this effect.
Secondly, in order to see the dynamo action, we needed to use very
high resolutions, 512 × 256 × 128 cells (see Table 1). We found
that while a simulation at twice as small resolution (i.e.256 × 128 ×
64 cells) marginally resolved the toroidal MRI, it did not resolve
the poloidal MRI, and did not show noticeable signs of large-scale
poloidal magnetic flux dynamo.

We note that in the context of radially extended accretion discs,
Liska et al. (2018) found the operation of large-scale poloidal flux
dynamo and the formation of strong jets, with ηjet " 1. This is
comparable to the jet efficiency we find, but only at very late
times. In fact, it takes our simulations three times longer than those
of Liska et al. (2018) to reach ηjet ∼ 1. Why is this so? If the
large radial extent of the disc is a prerequisite for the dynamo to

operate efficiently and produce powerful jets, it would take our
small disc a substantial amount of time until it appreciably expands
radially. Importantly, unlike Liska et al. (2018), our jets also show
polarity flips. We discuss potential reasons for this difference in
Section 4.2.

3.4 Mass outflows

Mass outflows and their composition are particularly important as
they determine the luminosity, colour, and duration of the kilonova
(see Sections 3.5 and 4.4). We quantify the ejecta by measuring the
mass outflow rate Ṁout through a sphere of radius rout = 109 cm ≈
2000 rg . This is sufficiently far from the BH to avoid the interactions
with the turbulent and ‘viscously’ expanding accretion disc.6 As
shown in Fig. 6(a), the outflows reach rout earliest for strong post-
merger poloidal magnetic fields, model BPS, followed at later times
by weak poloidal, BPW, and purely toroidal, BT, models. This
time difference results from not only the MRI reaching saturation
earlier for stronger poloidal magnetic fields, but also from stronger
poloidal fields launching faster outflows, as seen in Table 2. Namely,
the average radial velocity7 of the ejecta for the BPS model is
⟨vr⟩ ∼ 0.18 c, much higher than ∼ 0.08 c for BPW and ∼ 0.05 c

for BT.
The amount of ejected material also varies by model, as shown

in Fig. 6(b). For instance, in the BPS model, the mass outflow rate
rapidly ramps up in a fraction of a second and plateaus at Ṁout ∼
10−2M⊙ s−1. In contrast, in weak poloidal, BPW, and toroidal, BT,
models the outflows remain about an order of magnitude weaker and
catch up to the BPS model only by the end of the first second. This
implies that strong post-merger poloidal magnetic flux is conducive
to launching prompt mass outflows. Interestingly, mass outflows are
much more similar at late times, past the first second: the outflow
rate in all three models largely decays as a power law, Ṁout ∝
t−2.3, suggesting that qualitatively the ability of post-merger systems
to launch outflows at late times becomes insensitive to the post-
merger magnetic field geometry. The above differences, primarily
the prompt mass ejection, lead in the strong poloidal field BPS
model to an overall largest mass ejection, carrying 40 per cent of
the initial torus mass (0.013 M⊙). This is a third more than the ∼
30 per cent ejected fraction (0.01 M⊙) for BPW and ∼ 27 per cent
(0.009 M⊙) for BT models.

To isolate the effects of post-merger magnetic fields, F19 com-
pared the strong poloidal field BPS model to an otherwise identical
hydrodynamic model. They found that the strong poloidal magnetic
fields in the BPS model ejected about twice as much mass as in the
hydrodynamic model, primarily because the hydrodynamic model
was missing the mass ejection during the first second after the
merger. Even our toroidal BT model ejects more mass (about a
third more) than the hydrodynamic models of F19.

6The disc eventually does expand out to such large radii, however, by that
time it has very low density and carries little mass.

7The average radial velocities, determined by ⟨vr ⟩ =
—

((ρ + u +

P )urur + Pgrr ) dA/

—
ρ ur dA, are slightly higher than those found in

F19 due to averaging over momentum rather than density.
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どうやって短ガンマ線バーストが発生したのか？
長年の問題の解決も高解像度計算次第

•  おそらく磁気流体効果が効いている：ブラックホール

の回転エネルギーを抽出するか、あるいは中性子星

の回転エネルギーを利用するか。 
•  しかし合体の計算で、物が高速に飛ぶのを再現した

ものはない。大きなチャレンジ。 
•  鍵は、スモールスケールの磁場からラージスケール

磁場が生じる過程を正しく追うことではないか 
•  正しいMHD計算のため、解像度と計算時間を十分

にするしかない



Summary

•  重力波観測＋電磁波観測がさらに進むにつれ、観測

結果の解釈に信頼性の高い数値モデルが必要に

•  シミュレーションというよりも数値計算が必要

Ø 第一の課題は、磁気流体現象の正確な理解

Ø 第二の課題は、ニュートリノ輸送の影響など、弱い相互

作用の影響の定量的な理解

•  巨大な計算資源を用いた数値計算が必須

•  長年の問題(元素合成やガンマ線バーストの発生過程)

の解決に貢献できるだろう(真摯にやれば)



終わりに

•  素核宇の活動：2008年の新学術(2008~2012) 
•  2008年12月に最初の研究会@つくば 
•  その後、戦略課題５が走る(2011~2016) 
•  ポスト京(2015~2019) 
•  代表は全て青木さん 
•  潤沢な予算(過剰すぎた?) 
•  青木さんの努力で、恵まれた環境を提供してもらっ

たPDの人も多いはず 

青木さんに感謝! 


