himli

s HEDOFEEBE(GWIS50914)DEFOEE
- X ERER nﬂtﬁiﬁm}zﬂmfﬁs —

\EQ&%W@%ﬁ@ﬁmuﬁé @%@%@%@%5

Htl asirophysic tl olie t jtinessen ; _M__C

=5 s
H B9

(RKFHE)




s RO MEB(GWI50914)DNEFEDOESE
- IR ERRSREBHIEIERIA -

lumli

ZOFEIF. P ERSANSTEWNV =L D TY,
BUIEZDAIA—<ILE—T1 5 ThftE
AMEET FETLED, W ERIZTITFET
HHEEELIZECA TFENLoHRELTETIE
o= RETY,

LHALEAS, IFESANLSERRI7Z7AILEE LD
THERRIDHDDITTIIELDT., BE->=C&EL
IRIZENVTLWV6ZEIZFADEETY,




— AR SR~ B ZE DRI AY ELTE

[T
ey
BN
]L:_I]I_III
r—él;

g

%@%n% ~
FF2E D EAANY ~ 5175 7
MNEELTIEDS
/
- -
= 71K

—a—kE

EinsteinMMEDHFEHEZFELTHOELOIE 1004

T=1=L. 1

s NIZ(F gD oT=Fo=<FHLLIHZE

Q16 EDME N FKAMXIZITHEE LN H S




= b

- 19694 |C

£ IR

HIRBEEARTOTT
Joseph Weber

il

= NRREZE

PRLIZFEFRL=H. LB
gAIXRIET,

B R Ti5E

- ToroA4Y
- Rainer Weiss (1972)
- 40m Caltech7OR2 AT

— LIGO(19924E[ZNSFA T &

KR 2001 2T —4EE

BAAE)

o FIFTOHIRE
(19744-1993%
o« FEATRIE (19915 ~)
— 20m Fabri—Perot

— 100m Delay line
l

[l
~

— 300m TAMA(2001 & [ZHH R

= R E T ERR)

— 20m LISM
— 100m CLIO
— 3km KAGRA(2009F [Z XA —

KL T.iIKAGRAHEALS BRI

4



LIGOIZ XA E N RPEH

201652 A 11H
HABRBTIZ2A 1280300 5i2E LR

SOHMDE R T —2%fEHT. 28 DHREEIFHE
FFIZEAILTLNST—2IX16B S

201549 H14H09:50:45 UTCIZHRIE10210)E E
T5991R— LS DE EESIN~24THEH

EARHIDEET 36©5M ,+29%M .
BARRODEEE 625M
HEISNDIREEX 410+i§8|\/|pc 7 =0.0972%
GW150914Ldr&snt-




NDREIFFICERSINZB/BIXT. ATV
O—FMN TS AEREVAIZRONTULV =,

|2 Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016

£

Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott ef al.’

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14,2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10~>!. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.16. The source lies at a luminosity distance of 410" 50 Mpc comesponding to a redshift z = 0.09 )55,
In the source frame, the initial black hole masses are 36 *iM’@ and 29 *iM@, and the final black hole mass is
62; M, with 3.0"02M ; ¢? radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett. 116061102



Test b) { —
Mass 10-21 L — U -
- DRI :
s 38 L\T:'Fﬁ'ﬁi
E 8
- 5 10 22 5
Il E
5 s
i
Hanford&Livingstone 1072 |
2B DBREBELE. o —. | R
g \T’ET':(-’-—G:E)EEh\ Mass Frequency (Hz)
[ Ebl&&"_"”—f’ L\ Power Beam L =4k
— Recycling Splitter _~ X m =
j jzmlilo
Laser I 100 kW Circulating Power ‘ \
Source Test Test
Signal Mass Mass
Recycling

hotodetector
"W Photodetect (PRL 116, 061102(2016))

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inser (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
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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.
GWI150914 arrived first at L1 and 6.9 '3: 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 GW 150914 [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. Bortom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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Binary coalescence search
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he corresponding noise background. The significance of GW 150914
eneric transient searches, respectively. Lefi: Along with the primary
search (U3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2 + 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
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ApJ Lett., 818:L22 (2016)

ASTROPHYSICAL IMPLICATIONS OF THE BINARY BLACK-HOLE MERGER GW 150914

ABSTRACT

The discovery of the gravitational-wave source GW 150914 with the Advanced LIGO detectors provides the first
observational evidence for the existence of binary black-hole systems that inspiral and merge within the age of
the Universe. Such black-hole mergers have been predicted in two main types of formation models, involving
isolated binaries in galactic fields or dynamical interactions in young and old dense stellar environments. The
measured masses robustly demonstrate that relatively “heavy™ black holes ( = 25 M) can form in nature. This
discovery implies relatively weak massive-star winds and thus the formation of GW 150914 in an environment
with metallicity lower than ~ 1/2 of the solar value. The rate of binary black-hole mergers inferred from the
observation of GW 150914 is consistent with the higher end of rate predictions (= 1 Gpc— yr~!) from both
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The Astrophysical Journal Letters, 818:L22 (2016)

rations). However, if one assumes that the properties of PoplIIl
massive binaries are not very different from binary popula-
tions in the local Universe (admittedly a considerable extrap-
olation), then recently predicted BBH total masses agree as-
tonishingly well with GW150914 and can have sufficiently
lone mereer times to occur in the nearby Universe (Kinugawa
et al. 2014). This is in conftrast to the predicted mass proper-
ties of low (as opposed to zero) metallicity populations. which

show broader distributions (Belczynski et al. 2015).

CDEHX T, I0M = DBHEE N EZ TR D
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