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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott er 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 1072%, 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 5.1c. The source lies at a luminosity distance of
410185 Mpc corresponding to a redshift z = 0.09+5:33. In the source frame, the initial
black hole masses are 36*3Mg and 29%%M, and the final black hole massis 6215M,
with 3.0732Mc? 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.
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FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GWI150914 projected onto HIl. 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
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== Black hole relative velocity 42 "E (Rg = 2GM/¢?) and the effective relative velocity given by the
41 8 post-Newtonian parameter v/c¢ = (GMzaf/c*)"/3, where f is the
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and M is the total mass (value from Table I).



18 VIIl. CONCLUSION
19  The LIGO detectors have observed gravitational waves from the merger of two stellar-
20  mass black holes. The detected waveform matches the predictions of general relativity
21  forthe inspiral and merger of a pair of black holes and the ringdown of the resulting single
22 Dblack hole. These observations demonstrate the existence of binary stellar-mass black
23  hole systems. This is the first direct detection of gravitational waves and the first
24  observation of a binary black hole merger.
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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 cach 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
lower frequencies [47]. Narrow-band features include calibration lines (33-38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

YouTube video examples:
“Gravitational waves: A three minute guide” (3:22) 2016/02/11, by Nature video
https!//www.youtube.com/watch?v=hhbMpel7fzA

“LIGO again detects gravitational waves” (2:14) 2016/0/6/15, by MIT
https://www.youtube.com/watch?v=biwlfcljx9Q

“Neutron Star Merger Gravitational Waves and Gamma Rays” (5:25) 2017/10/16, by Veritasium
https://www.youtube.com/watch?v=EAyk20sKvtU




