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First GW detection by LIGO

• 2016 February 11th

00:30 of Feb. 12th in Japan

Analysing the data of the first 39days, with 16days 

long simultaneous observation data by 2 detectors. 

• Detection of gravitational waves at 2015 Sep. 14th

09:50:45 UTC, with the amplitude 10-21 and S/N~24.

• Masses before merger +

• Mass after merger

• Estimated distance

• Named GW150914
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LIGOの重力波初検出発表
• ２０１６年２月１１日

日本時間では２月１２日０:３０から記者会見

• 最初の３９日間のデータ、２台が同時に観測してい
たのは１６日分

• ２０１５年９月１４日０９：５０：４５ＵＴＣに二つの
advLIGOがほぼ同時に10-21の振幅の重力波を受
けた。

• S/N～２４

• 距離

• 合体前の質量が －

合体後が
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Strategy to confirm 
the detection by two 
detectors at Hanford 
and Livingstone

(PRL 116, 061102(2016))

Frequency band 
relevant for the 
first detection
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Restricting to 35Hz-
350Hz, removing only 
the frequencies with 
large noise

best-fit model based on 
theoretical  prediction

Can be recognized 
just by looking at 
time-frequency 
power spectrum

(PRL 116, 061102(2016))
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Meanwhile, the second event was announced

(arXiv:1606.04855)

GW151226

And this time matched filtering analysis was necessary
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(arXiv:1606.04856)

GW150914 has extra-
ordinarily high S/N. 

Showing diversity of 
constituent masses.

GW151226  suggests the 
existence of spin before 
merger.



What we can say from these GW events? 

• Direct detection of GWs

– Really detected
• GW amplitude of O(10-21) means that the displacement 

is less than 10-2 fm for the ４km arm.

• GWs really propagate.

• Existence of 30Msol black holes

– About 20 black hole candidates of ～10Msol have 

been known as X-ray binaries, but such the 
existence of such a high mass BHs was not clear. 
Moreover, they are rather abundant.

• 0.6-12events/year/Gpc3

– Is GW150914 still a candidate or BH? 9



Pulsar is an ideal clock

Binary pulsar can be used to 
test GR
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（J.M. Weisberg and J.H. Taylor, astro-ph/0407149. ）

Periastron time shift due to GW emission

GR prediction

PSR B1913+16
Hulse-Taylor binary

dPorb/dt2.418×10-12

Indirect evidence of GW emission

Hulse and Taylor were awarded Nobel prize in 1993

• GW emission was confirmed but its propagation was not. 
• It is still uncertain if the propagation is as expected. 



What we can say from these GW events? 

• Direct detection of GWs

– Really detected
• GW amplitude of O(10-21) means that the displacement 

is 1fm for the ４km arm.

• GWs really propagate

• Existence of 30Msol black holes

– About 20 black hole candidates of ～10Msol have 

been known as X-ray binaries, but the existence of 
such high mass BHs was not clear. Moreover, they 
are found to be rather abundant.

• 0.6-12events/year/Gpc3

– Is GW150914 still a candidate or BH? 11
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The expected event rate of BBH mergers like 
GW151226 per unit volume is about 10 times larger than 
BBH like GW150914.

Observable smaller mass binaries are typically closer
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• Binary formation in the metal poor environment
Weak feedback to the mass accretion
Low mass loss rate

• Interaction in dense star clusters
Event rate can be explained

• We cannot deny the possibility of scenarios based on 
primordial BH origin, either. 

(Say, arXiv:1603.00464, arXiv:1603.05234)

(ApJ Lett., 818:L22 (2016))

(For example, arXiv:1604.04254)

Various scenarios of massive BBH formation



We also wrote a paper and selected as PRL Editors’ Suggestion

arXiv:1603.08338



What we can say from these GW events? 

• Direct detection of GWs

– Really detected
• GW amplitude of O(10-21) means that the displacement 

is 1fm for the ４km arm.

• GWs really propagate

• Existence of 30Msol black holes

– About 20 black hole candidates of ～10Msol have 

been known as X-ray binaries, but such the 
existence of such a high mass BHs was not clear. 
Moreover, they are rather abundant.

• 0.6-12events/year/Gpc3

– Is GW150914 still a candidate or BH? 15
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Judging if it is a BH or a BH candidate is difficult, but 

– Recent development of numerical relativity enabled 
high precision simulation of BBH coalescence.

– No big discrepancy between theoretical predictions 
and observations will indicate certainly more than  
previous observations basically about the matter 
accretion onto BHs.

This looks similar to the question about inflation

“Was the inflation paradigm confirmed?”.

“Many people think so, but it would be more conclusive if 
tensor B modes are detected. “

“Many people think so, but it would be more conclusive if 
QNM modes are detected. ”
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BH Quasi-Normal Modes（QNM）

BH ～～

Frequency and decay 
rate are determined by 
the BH mass and spin

(Detweiler ApJ239 292 (1980))

Decisive evidence 
of BH formation



19(arXiv:1602.03841)

inspiral

post-
inspiral

The case of GW150914
The estimated final mass and 
spin from the respective data 
of inspiral and post-inspiral 
contain large errors. 
It would be too early to say 
that the QNM was detected 
as was predicted. 
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(arXiv:1603.08955)

Constraint on the modification of gravity by GW150914

Constraint on the graviton Compton wavelength is severer 
than the solar system bounds. 

For the improvement of the precision, longer observation in 
the inspiral phase is necessary  ⇒ space interferometer
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EM followup observations

• coalescence time

• sky localization

• restricted to the circle 
determined by the 7msec

time difference between 
2 detectors
• Antenna pattern 
matching
⇒ 600deg2 (90%)

(in Feb. paper)

⇒ 230deg2 (90%)
(in June paper)

The case of GW150914

Sky localization of GW151226
is 850deg2 (90%)

(arXiv:1606.04856)
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MOU is exchanged between J-GEM and LIGO/VIRGO

In Japan J-GEM was organized based on the innovative area ”New 
development in astrophysics through multimessenger observations of 
gravitational wave sources”(2012-2016)
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Electromagnetic counterpart

(Metzger and Berger 1108.6056)

NS-NS, NS-BH merger will given some EM signal. If there must be some 
associated emission, SGRB of unknown origin is quite likely to be the counterpart.

4p emission will be 
advantageous for 
follow-up observations

GW event confirmation

New astrophysics
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NS-NS, NS-BH mergers will emit some electromagnetic signal. 
Then, it is likely related to SGRB.

Assuming jet opening angle ～0.12rad, the event rate of 
SGRBs is consistent with (or slightly larger than) the 
estimated event rate for NS-NS binary merger, ~8yr-1.

(Metzger and Berger 1108.6056)

from population synthesis simulation and binary pulsar observation 



～0.2c

Neutron rich object emitted from NS-NS merger

Macronova/Kilonova,  

1.35M ◎ +1.35M ◎ with soft EOM but stiff enough to sustain NS of 2M◎

(Hotokezaka et al. 1212.0905)

ejecta mass of ～10-4-10-2 M ◎

Mass ejection due to tidal disruption (for large radius NS)
& due to shock (for small radius NS)

⇒ nucleosynthesis via r -process(A>130)

Small radius NS ⇔ large mass ejection
26



28

tidal force(1/r3)×tidal deformation (1/r3)
∝tidal energy (1/r6)

r

Compared with Newtonian binding energy (1/r), 5PN(1/r5) order higher

(Damour, Nagar and Villain 1203.4352)

Estimate of the observability of tidal effects on the inspiral wave form.

Dashed curves are 1s  level of 
design sensitivity of advLIGO

Solid curves are tidal deformability 
for various EOS

S/N=16 is assumed

Investigating NS from gravitational wave form
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LIGO-India

Future of gravitational wave physics

国立天文台HPより



Improvement in sky localization
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(Nissanke,Sievers, Dalal, Holz arXiv:1105.3184)

Simultaneous detection by 
the detector network can 
reduce the error box.

KISS (1.05m) 4deg2

PTF (1.2m)  7deg2

Subaru-HSC(8.2m) 1.75deg2

LSST (8.4m) 9.4deg2

Data analysis group will 
become able to send alert 
after 5-10 mins after 
events.

Error in the estimated NS-NS 
binary sky position

50%



We can expect high event rate
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AdvLIGO will improve the sensitivity ～3 times better. 
The number of detectors will become 4 or 5. 
Long-term stable operation. 

⇒ S/N >100 events might be expected

＞10
＞35

＞70

(arXiv:1606.04856)
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Supernovae

Core collapse supernovae are going to be realized by 
numerical simulation. 

Shock heating by neutrinos
Assisted by multi-dimensional instabilities

(Janka et al. 1211.1378)
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• bounce
• convective matter motions, 

SASI 
• anisotropic neutrino emission

Deviation from spherical symmetry

⇒GW radiation

Explosion mechanism SN at 10kpc
(Kotake et al. 1106.0544)

Simultaneous observation of 
neutrino and GWs

Spike of ne at the neutronization burst  GWs form bounce

Large GW ⇔ large core rotation (Yokozawa et al. 1410.2050)

Propagation speeds of GWs and ne

cGW is constrained to ∼ 10 −15 (Nishizawa et al. 1405.5544)
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LISA pathfinder

Launched on Dec. 3, 2015

Proof of drag free technology for LISA

(PRL 116, 231101 (2016))

Measured acceleration noise level is almost at the LISA 
requirement level. 
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30Msol BBH is detectable even at z=30

⇒ Formation scenarios are distinguishable from redshift distribution

  6/1
1


 z

1for z

Sky position can be determined well in advance before merger.

Re-definition of the Pre-DECIGO mission (arXiv:1607.00897 )

B-



• Gravitation waves are directly detected

• The existence of 30Msol BH was uncovered

– can be Pop III origin

– BH-QNM will be used to confirm BH spacetime

• Dawn of GW physics/astronomy

– Multi-messenger and multi-detectors are important

– Origin of SGRB

– Detection of BNS is also expected

• EOS of high density nuclear matter

• r-process element(Au,Pt,etc.)Tests of GR

– Space missions targeted at Low frequencies and pulsar timing 

array
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Summary


