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INTRODUCTION 
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 × 10−21. 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. […] 
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. 
 

 
 
 
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 and was reported within three minutes of 
data acquisition. Subsequently, matched-filter analyses that use relativistic models of compact binary 
waveforms recovered GW150914 as the most significant event from each detector for the observations 
reported here. Occurring within the 10-ms intersite propagation time, the events have a combined 
signal-tonoise ratio (SNR) of 24. 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). 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. […] 
 
 
 
 
 



 
 
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 6.9 +0.5−0.4 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 confirmed to 99.9% […]. Shaded areas show 90% credible regions for 
two independent waveform reconstructions. One (dark gray) models the signal using binary black hole 
template waveforms. The other (light gray) does not use an astrophysical model, but instead calculates 
the strain signal as a linear combination of sine-Gaussian wavelets. These reconstructions have a 94% 
overlap […]. Third row: Residuals after subtracting the filtered numerical relativity waveform from the 
filtered detector time series. Bottom row: A time-frequency representation of the strain data, showing 
the signal frequency increasing over time. 
 
[…] 



 
 

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 = 2GM/c2) and the effective 
relative velocity given by the post-Newtonian parameter v/c = (GMπf/c3)1/3, where f is the gravitational-
wave frequency calculated with numerical relativity and M is the total mass. 
 
[…] 
 
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, a modified Michelson interferometer (see Fig. 3) that measures gravitational-wave strain as 
a difference in length of its orthogonal arms. Each arm is formed by two mirrors, acting as test masses, 
separated by Lx = Ly = L = 4 km. A passing gravitational wave effectively alters the arm lengths such that 
the measured difference is 

ΔL(t) = δLx − δLy = h(t) L, 
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. […] 
 
 
 
 



 
 

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). Inset (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 lower frequencies. 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. 
 
[…] 
 
VIII. CONCLUSION 
The LIGO detectors have observed gravitational waves from the merger of two stellar-mass black holes. 
The detected waveform matches the predictions of general relativity for the inspiral and merger of a 
pair of black holes and the ringdown of the resulting single black hole. 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. 


