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I   はじめに:  重力波イベント�

•  GW150914 
•  GW151012 
•  GW151216* 
•  GW151226 
•  GW170104 
•  GW170608 
•  GW170729 
•  GW170809 
•  GW170814 
•  GW170817 
•  GW170818 
•  GW170823 
•  more 

•  GW190408 
•  GW190412 
•  GW190421 
•  GW190425 
•  GW190426 
•  GW190503 
•  GW190510 ? 
•  GW190512 
•  GW190513 
•  GW190517 
•  GW190519 
•  GW190521 
•  GW190602 
•  GW190630 
•  +5 in July	

O1+O2 data(‘15—17)	

More candidates 
found by IAS group	

O3 data 
(‘19—)	

重力波観測数は〜５/month程度で増加 
à 重力波天文学の確立へ�

赤が連星中性子星 
その他BH-BH 
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天体観測数は大抵、飛躍的に増える�
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重力波は今が一番楽しい時期だろう�

Courtesy	Ioka	

100	
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II    2014年と現在�



2014年�

•  Initial LIGOは完成し, Advanced LIGOが構築途上 
•  重力波研究は将来有望になっていた。ただし、将来は

まだ不透明な状態 
ü 将来を期待し、重力波研究は理論が先行(1990年代

の宇宙論と良く似た状況)　　 
ü 数値相対論、解析的研究の両方で、定量的な研究が

活性化 
ü 電磁波対応天体の研究も活性化しつつあった 

•  今から思えば、うまい具合に準備が進んでいた 
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数値相対論の紹介 
柴田　大�

京都大学　基礎物理学研究所�

2014/4/18:東大ビッグバンセンター  



一般相対論的天体物理学の未解決問題�

•  重力波は直接的には未検証　→　KAGRAに期待�
•  種々のブラックホールの誕生過程は未解明�
•  ブラックホールの存在は、直接的には未検証：　　　　
ブラックホール近傍の曲がった時空は未検証�

•  ２つのブラックホールやブラックホールと中性子星から
なる連星は未発見：連星中性子星は発見済�

•  中性子星の内部状態/状態方程式はよく判っていない�
•  中性子星の磁場の強度はなぜ典型的に1012ガウス？�
•  中性子星磁場の進化の起源は未解明�
•  ジェットの発生機構は長年の問題�
•  継続時間の短いガンマ線バーストの起源は？�
•  超新星爆発のメカニズムの解明も道半ば�
•  金、銀、プラチナなどの重元素の起源は？�
•  そもそも一般相対論は常に正しいのか？� 8	

2014/4/18:  



今日の結論(予定)	
	

未解決問題の解決に、　   
重力波観測や数値相対論 
は大いに寄与するだろう	

9	
2014/4/18:  



数年経つと	
「重力波を検出して満足するつも　　

りだったが、それだけではなく　　　　
元素合成の大問題が解決した」	

となるかもしれない。	
	

これが宇宙物理学の醍醐味	

10	
2014/4/18:  



一般相対論的天体物理学の未解決問題�

•  重力波は直接的には未検証　→　KAGRAに期待�
•  種々のブラックホールの誕生過程は未解明�
•  ブラックホールの存在は、直接的には未検証：　　　　
ブラックホール近傍の曲がった時空は未検証�

•  ２つのブラックホールやブラックホールと中性子星から
なる連星は未発見：連星中性子星は発見済�

•  中性子星の内部状態/状態方程式はよく判っていない�
•  中性子星の磁場の強度はなぜ典型的に1012ガウス？�
•  中性子星磁場の進化の起源は未解明�
•  ジェットの発生機構は長年の問題�
•  継続時間の短いガンマ線バーストの起源は？�
•  超新星爆発のメカニズムの解明も道半ば�
•  金、銀、プラチナなどの重元素の起源は？�
•  そもそも一般相対論は常に正しいのか？� 11	
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一般相対論的天体物理学の未解決問題�

•  重力波は直接的には未検証　→　Advanced LIGOが解決�
•  種々のブラックホールの誕生過程は未解明：ヒント得る�
•  ブラックホールの存在は、直接的には未検証：　解決　　　
ブラックホール近傍の曲がった時空は未検証�

•  ２つのブラックホールやブラックホールと中性子星から
なる連星は未発見：連星中性子星は発見済�

•  中性子星の内部状態/状態方程式はよく判っていない�
•  中性子星の磁場の強度はなぜ典型的に1012ガウス？�
•  中性子星磁場の進化の起源は未解明�
•  ジェットの発生機構は長年の問題�
•  継続時間の短いガンマ線バーストの起源は？�
•  超新星爆発のメカニズムの解明も道半ば�
•  金、銀、プラチナなどの重元素の起源は？�
•  そもそも一般相対論は常に正しいのか？� 12	

重力波観測とは�
直接関係しない�

2019/7/29:  

à少なくとも一部�
は連星中性子星�

重力波が有力な�
探求手段に�



III  連星ブラックホールの合体�

•  連星ブラックホールの初めての発見(GW150914) 
•  ブラックホール近傍の曲がっていて、しかも変化して

いる時空を初めて観測 
•  すでに20以上観測(今年4月からさらに急増) 
•  多様なブラックホール質量: 7—50 太陽質量�



properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

GW150914:  Gravitational wave signal�

PRL 116 
061102   
(2016)	

6.9 ms earlier	

Total SNR
   =23.7	



Gravitational-wave  detectors:  Advanced LIGO�

LIGO: Hanford 

LIGO: Livingstone 

Distance = 3000km 
 
10  light  milliseconds �



Noise  vs  signal	
PRL 116, 2016, LIGO collaboration 	
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•  ρc < 9 : low confidence level
•  ρc > 12:  Significant  confidence �

multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þEn=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.

FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background. The significance of GW150914
is greater than 5.1σ and 4.6σ for the binary coalescence and the generic transient searches, respectively. Left: Along with the primary
search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2þ C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-line
background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016
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非常に高い�
確からしさ�

Per  16-days 
observation	



Numerical relativity simulation for  
binary black hole merger�

Courtesy: Albert Einstein Institute/SXS:  
Grateful to Roland Haas & Alessandra Buonanno	



Gravitational waveform by numerical relativity	properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

Good agreement ! à Conformation 
 
Parameter  extraction �

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016
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M1~36 Msun	 M2~29 Msun	

Theory	 Signal	

Inspiral                 Merger  Ringdown	
ダイナミックに変化する�
空間(計量)を初めて観測�



GW151226	

from 35 Hz to a peak amplitude at 450 Hz. The signal-to-
noise ratio (SNR) accumulates equally in the early inspiral
(∼45 cycles from 35 to 100 Hz) and late inspiral to merger
(∼10 cycles from 100 to 450 Hz). This is different from the
more massive GW150914 binary for which only the last 10
cycles, comprising inspiral and merger, dominated the
SNR. As a consequence, the parameters characterizing
GW151226 have different precision than those of
GW150914. The chirp mass [26,45], which controls the
binary’s evolution during the early inspiral, is determined
very precisely. The individual masses, which rely on
information from the late inspiral and merger, are measured
far less precisely.
Figure 1 illustrates that the amplitude of the signal is less

than the level of the detector noise,where themaximum strain
of the signal is 3.4þ0.7

−0.9 × 10−22 and 3.4þ0.8
−0.9 × 10−22 in LIGO

Hanford and Livingston, respectively. The time-frequency
representation of the detector data shows that the signal is not
easily visible. The signal is more apparent in LIGO Hanford
where the SNR is larger. The SNR difference is predomi-
nantly due to the different sensitivities of the detectors at the
time. Only with the accumulated SNR frommatched filtering
does the signal become apparent in both detectors.

III. DETECTORS

The LIGO detectors measure gravitational-wave strain
using two modified Michelson interferometers located in
Hanford, WA and Livingston, LA [2,3,46]. The two
orthogonal arms of each interferometer are 4 km in length,
each with an optical cavity formed by two mirrors acting as
test masses. A passing gravitational wave alters the

FIG. 1. GW151226 observed by the LIGO Hanford (left column) and Livingston (right column) detectors, where times are relative to
December 26, 2015 at 03:38:53.648 UTC. First row: Strain data from the two detectors, where the data are filtered with a 30–600-Hz
bandpass filter to suppress large fluctuations outside this range and band-reject filters to remove strong instrumental spectral lines [46].
Also shown (black) is the best-match template from a nonprecessing spin waveform model reconstructed using a Bayesian analysis [21]
with the same filtering applied. As a result, modulations in the waveform are present due to this conditioning and not due to precession
effects. The thickness of the line indicates the 90% credible region. See Fig. 5 for a reconstruction of the best-match template with no
filtering applied. Second row: The accumulated peak signal-to-noise ratio (SNRp) as a function of time when integrating from the start of
the best-match template, corresponding to a gravitational-wave frequency of 30 Hz, up to its merger time. The total accumulated SNRp

corresponds to the peak in the next row. Third row: Signal-to-noise ratio (SNR) time series produced by time shifting the best-match
template waveform and computing the integrated SNR at each point in time. The peak of the SNR time series gives the merger time of
the best-match template for which the highest overlap with the data is achieved. The single-detector SNRs in LIGO Hanford and
Livingston are 10.5 and 7.9, respectively, primarily because of the detectors’ differing sensitivities. Fourth row: Time-frequency
representation [47] of the strain data around the time of GW151226. In contrast to GW150914 [4], the signal is not easily visible.

PRL 116, 241103 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
17 JUNE 2016

241103-2

SNR=10.5	 SNR=7.9	

PRL 116, 
241103   
(2016)	

Total SNR
=13.1	

14+7.5 solar mass	

個々の波形ははっきり見えない→正確な理論波形が鍵�
理論研究の役割が大きかった�



その後の展開�

•  連星ブラックホールが多数観測される 
•  多くの２０太陽質量以上のブラックホール 
ü われわれの銀河や近傍銀河の中には、確実に

20太陽質量以上のブラックホールはなかった 

•  予想に反した理由は？ 



0 5 10 15 20 25 30
M�

0.4

0.5

0.6

0.7

0.8

0.9

0 5 10 15 20 25 30
M�

0.2800.2850.2900.2950.3000.3050.310

0 5 10 15 20 25 30
M�

0.10

0.15

0.20

0.25

XTEJ1118+480
XTEJ1550-564
GS2000+25
GROJ0422+32
GRS1009-45
GRS1716-249
GX339-4
H1705-25
A0620-00
XTEJ1650-50(0)
XTEJ1859+226
GS2023+338
GRS1124-68
GRS1915+105
GS1354-64
GROJ1655-40
4U1543-47
XTEJ1819-254

last update August 2, 2014

Galactic Transient

Galactic Persistent

Extragalactic Persistent

CygX-1

last update August 2, 2014

Galactic Transient

Galactic Persistent

Extragalactic Persistent
LMCX-1
LMCX-3
IC10X-1
NGC300X-1
M33X-7

last update August 2, 2014

Galactic Transient

Galactic Persistent

Extragalactic Persistent

Mass of BH in X-ray binaries of Aug. 2014	

https://www.stellarcollapse.org/bhmasses	



Predicted dependence of BH mass on metallicity	
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Metallicity evolution in the universe:      
Small  metallicity à 遠方宇宙か小さい銀河で重いBH	

Metallicity and SFR coevolution 7

Figure 2. Mass-metallicity relation over redshifts from z ⇠ 0 to z & 3.3, binned as described in the text. The solid (black) curve (labeled
z ⇠ 0) corresponds to the fit to SDSS10 (with stacked Te metallicity determinations) by Andrews & Martini (2013), and the dotted
(grey) curves to the polynomial fits by Maiolino et al. (2008) with the KD02 calibration at z ⇡ 0.07, z ⇡ 0.7, z ⇡ 2.2, and z ⇡ 3.5. The
O/H calibration for all galaxies is PP04N2 as described in the text. Samples are labeled according to the legend in the lower rightmost
panel, except for z ⇡ 0 which are: LVL as small open circles (colors correspond to Hubble types with late types (T>8) as cyan, 56T<8
as blue, 36T<5 as magenta, T<3 as red); KINGFISH as (orange) +; Engelbracht et al. (2008) as (purple) filled triangles; Hunt et al.
(2010) as (blue) filled squares. The stacked samples (Yabe et al. 2014; Zahid et al. 2014) at z ⇡ 1 are not plotted.

4 SCALING RELATIONS AND THE
FUNDAMENTAL PLANE

The MEGA dataset comprises three parameters (pseudo-
observables, as they are not directly observed): nebular oxy-
gen abundance (12+log(O/H)), stellar mass (M⇤), and SFR.
As discussed in the Introduction, these three parameters are
mutually correlated, although O/H trends flatten at high M⇤
(and high O/H). Here we discuss the scaling relations of the
three parameters: the mass-metallicity relation, MZR, the
“main sequence” of star formation, SFMS, and the correla-
tion (at least at z ⇠ 0) between sSFR and metallicity.

The MZR with the PP04N2 O/H calibration for di↵er-
ent redshift bins is shown in Fig. 2. The solid curve shows
the Te-method MZR derived by Andrews & Martini (2013)
which well approximates the MEGA dataset at z ⇡ 0. The
dotted grey curves represent the polynomial fits given by
Maiolino et al. (2008) for the KD02 calibration; at high M⇤,
these curves fail to capture the Te-derived (or PP04N2)
metallicities because of the di↵erent O/H calibration. As
virtually all previous work suggests, the di↵erent panels il-
lustrate that as z increases, at a given M⇤ metallicity de-
creases. However, at z ⇡ 0 for a given M⇤, the starburst and
BCD samples tend to be more metal-poor than the LVL
and KINGFISH galaxies; they behave more like galaxies at
z & 1 than like galaxies in the Local Universe, presumably
because of their higher sSFR.

The high sSFRs in the starburst and BCD z ⇡ 0 sam-

ples are more clearly seen in Figure 3, which shows the
SFMS, or sSFR plotted against M⇤. The solid line shows the
SFMS calibrated with the LVL+KINGFISH samples, hav-
ing a slope of �0.19 ± 0.02, roughly consistent with that
(�0.23) found by Elbaz et al. (2007) for z ⇠ 0 galaxies. The
dashed grey lines correspond to the Speagle et al. (2014)
formulation for SFR as a function of cosmic time (we have
calculated cosmic age for representative redshifts and plot-
ted the result). The slope by Speagle et al. (2014) at z & 2 is
similar to what we find for the Local Universe, which how-
ever is shallower (steeper in SFR-M⇤ space) than their value
for z ⇠ 0. Fig. 3 illustrates that as redshift increases, for a
given M⇤, sSFR also increases; galaxies that would be main-
sequence galaxies at z & 1 are starbursts if found at z ⇡ 0.
However, it is also seen from the figure that the individual
high-z samples do not clearly follow the SFMS; this is al-
most certainly due to selection e↵ects and will be further
discussed in Sect. 5.2. Because of the di�culty in measuring
metallicities in high-z emission-line galaxies, flux limits for
spectroscopy impose a commensurate limit in SFRs.

The third correlation between sSFR and O/H is shown
in Figure 4. As in previous figures, the solid line gives the lo-
cal calibration on the LVL+KINGFISH and the dotted grey
lines show the redshift trend for O/H expected for the higher
SFR as predicted by the FPZ (see Sect. 4.2). The SFRs of
the local starbursts and BCDs are higher at a given O/H, rel-
ative to the other local samples; again, they are more similar
to galaxies at z & 1 than to typical local populations. Sim-
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質量比とBHのスピンパラメータ (O1, O2)�

•  質量比は多様そう 
•  回転しているBHの合体もありそう：連星の進化起源か 
•  今後、スピンの宇宙赤方偏移依存性がわかれば 
　　連星BHの形成過程の理解に寄与するだろう�



IV  連星中性子星の合体�

•  今のところ、1+1(+1)例: 重力波観測が公表されたのも、
電磁波観測されたのも、今のところGW170817のみ 

ü 中性子星の半径(tidal deformability)に新たな制限 
ü 重力波以外に多様な電磁波観測 
ü 元素合成研究に大きな寄与 

•  数値相対論、数値的研究の役割が非常に大きかった 



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

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

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

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

II. DATA

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

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

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

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

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

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: 
•  Chirp mass = 1.188+0.004

-0.002 Msun 
(90%CL)  

 
•  Assuming reasonable spin of NSs,  

Mass ratio  = 0.7—1.0 (90% CL)    
à Total mass = 2.73—2.78 Msun 
à Binary neutron stars

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

à NS radius < 13.5 km

PRL 119, 161101 (2017)	

Chirp Mass=m1
3/5m2

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

~100 sec observation �



Chirp signal	
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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.
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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 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Courtesy: Kenta Hotokezaka 	

Kilonova & (off-axis) afterglow	



LATE-TIME BEHAVIOR OF GW 170817 3

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

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

2.3. Chandra Observations

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

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

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

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

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

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

3. RESULTS AND COMPARISON TO MODELS

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

Peak at  
~ 100 day	

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

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

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

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

These findings are consistent with the picture favored by

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

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

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

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

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

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

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

Single power law,  
which is consistent with 
synchrotron emission	

Margutti et al 2018 
Alexander et al. 2018 

Radio, Optical, X observations	

Radio	

optical	

X	



Peak at  
~ 100 day	

Popular model	

Relativistic jets with small  
opening angle+ a structure  
are likely launched 	

Interstellar matter density 

Jet injection energy	

Observe from off axis	



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

β ∼ Γ ∼ 4
Mooley + ‘18	

ただし、時間が十分経過したのちなので、速度はGRBほど 
(Γ~100)速くはないので、GRBの直接的な証拠とは言えない。 

ジェットがこちら方向に�
向かっている�



-16

-15

-14

-13

-12

 0  2  4  6  8  10  12  14

A
bs

ol
ut

e 
A

B
 M

ag
in

itu
de

t (day) after merger

r
i
z
J

H
K

Optical-IR EM counterparts of GW170817	
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Fig. 2. The evolution of EM170817 
derived from the observed spectral 
energy distribution. (A) Bolometric 
luminosity. (B) Blackbody temperature. 
(C) Photospheric radius. (D) Inferred 
expansion velocity. Individual points 
represent blackbody fits performed at 
discrete epochs to which the observed 
photometry has been interpolated using 
low-order polynomial fits. Dashed lines 
represent an independent Markov-
Chain Monte Carlo fit without directly 
interpolating between data points (see 
(10) for methodology and best-fit 
parameter values). The solid red lines [in 
(A) and (B)] represent the results of a 
hydrodynamical simulation of the 
cocoon model where the UVOIR 
emission is composed of [in (A)] cocoon 
cooling (yellow dashed line labeled 1), 
fast macronova (>0.4c; green dashed 
line labeled 2), and slow macronova 
(<0.4c; blue dashed line labeled 3). 
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Assuming black body	

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

~7000K@1d	

~2000K@10d	

L = 4πσR2T 4

v = R / t

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

Agree broadly with the kilonova hypothesis	



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

capture decayn βτ τ− −<
Neutron rich ejecta 
 
à  r-process nucleosynthesis 
          (Lattimer-Schramm, ’74) 

In the early phase, optically thick  
& adiabatic expansion, not shine�

Decay of unstable nuclei 
à Heating �

Mass ejection �

N
eutron rich�



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

@1−10 days
τ photon diffusion ≤ τejecta expansion

Optical/infrared 
     emission �

Free expansion
	



τ photon diffusion ~ τejecta expansion

Lpeak ~ 2×1041 ergs/s M
0.01M⊙
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Peak luminosity & time of kilonova/macronova    
(Li-Paczyski 1998, Metzger et al. 2010)	

10-6 at ~ 1 day:  
Depends on time	

Uncertainty of opacity: ~ 2 orders of magnitude 
       which is determined by lanthanide fraction 

Agree broadly with GW170817 for typical  
mass, velocity and opacity of merger ejecra  



open	s	shell	
(l=1)

open	p-shell	
(l=2)

open	d-shell	
	(l=3)

open	f	shell	
(l=4)
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Courtesy M. Tanaka	

Many	levels	!	
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Two components model for GW170817 �

Post-merger ejecta 
Small κ, 

Tiny fraction of 
lanthanide 

Evidence for r-process 
nucleosynthesis 	

Lpeak ∝κ
−1/2   &   tpeak ∝κ

1/2



観測解釈への数値相対論の貢献：�
定量的なモデル化�

Typical Cases: m= 2.5—2.8Msun 

                      (e.g., GW170817)	Mthr >~ 2.8Msun	

Depends on EOS	

Minority but  
could occur	
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Mass ejection from neutron-star merger 
Animation=Soft EOS (SFHo, R~12 km) & 1.30-1.40 Msun	

Rest-mass  density	

Sekiguchi et al. 2016	

νe
νe
νothers

Neutrino luminosity	Orbital plane	

x-z plane	



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

Electron fraction Density	

M ~ 0.05 solar mass, v ~ 0.05 c 
合体後にさらに大きな質量放出：これが重要�



Merger =>  
Massive NS	

Black hole/MNS+ 
torus à GRB&KN	

Post merger 
Massive NS / BH 

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

 0  500  1000  1500  2000  2500

h +

t/M

数値相対論の貢献：正確な重力波波形の導出  �

Early Inspiral 
 (                      )	orb NSr R>>

Post-Newtonian  

Point mass +  
adiabatic  phase	

Late inspiral 
(                   )	rorb ≤ 5RNS

Tidally deformed phase	 Dynamical & GR  phase	

f <~1000 Hz	 f ~ 2 – 4 kHz	

f ~ 6.5 kHz	

Late inspiral 

M ~ 2.5 – 2.8Msun	

Tidal deformability 	



Gravitational waves will tell us radius !!	

-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)

Black:  Black hole 
Red:    radius=11.9 km 
Green: radius=13.2 km 
Blue:   radius=14.5 km�

Before merger �

Hotokezaka et al. 2016 	

　　　Gravitational waveforms depend on the 
radius of neutron stars	



NS Radius measurement from GW170817 event	
arXiv:	1805.11581	

Radius = 10 ~ 13 km	

Future higher SNR events will improve the measurement	

Jim’s nice talk for more details	
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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�

Ejecta from remnant ~ 0.03Msun 
(mildly neutron-rich 
 àlight r elements) 

Massive neutron star 
           + torus �

Viscous effect �



Radiation transfer simulation: good agreement 
 (K. Kawaguchi, M. Tanaka, MS, ApJL 2018)	

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

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

4. Discussion and Conclusion

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

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

prediction of numerical-relativity simulations and the

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

Figure 3. Time evolution of optical and NIR spectral energy distribution of the
kilonova/macronova model. The spectra at t=1.4, 4.6, and 6.8 days are
shown. All of the spectra are observed from 20°�θ�28° at a distance of
40 Mpc. The green solid curves denote the best blackbody fits of the spectra.
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しかしまだ１イベント	

Many	other	phenomenological	
interpretations	are	possible.	

Test	by	more	events	is	obviously	
necessary	!!	



Dynamical ejection	 Post-merger ejection	

1. Low-mass NS-NS 
à long-lived MNS	

M ~10-3–10-2.5 Msun 
Ye ~ 0.05—0.5 
Red, luminous	

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

2. NS-NSàHMNS 
(e.g., GW170817)	

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

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

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

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

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

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

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

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

 Prediction for next events	



V  まとめ�
•  重力波観測が始まり、成果が出始めた。具体的には、 
1.  連星ブラックホールを多数発見、合体現象の観測 
2.  ブラックホールの誕生過程に重要な示唆。長期的には

その質量分布が明らかにà星の進化の理解が進む。 
3.  連星中性子星合体も初観測 
4.  中性子星状態方程式の制限に将来有望な新手法 
5.  連星中性子星合体では多様な電磁波対応天体 
6.  少なくともショートガンマ線バーストの一部は連星中性

子星合体起源であることが示唆された(talk by 井岡)。 
7.  元素合成研究に重要な示唆。今後の観測でさらに精

査されるだろう。 
8.  数値相対論も重要になった。 


