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Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et 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 × 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. 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 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 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.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.
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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 í 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 í 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.
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Name Inst. cWB GstLAL PyCBC PyCBC BBH

FAR (yr�1) SNR⇤ FAR (yr�1) SNR pastro FAR (yr�1) SNR⇤ pastro FAR (yr�1) SNR⇤ pastro

GW190408 181802 HLV < 9.5 ⇥ 10�4 14.8 < 1.0 ⇥ 10�5 14.7 1.00 < 2.5 ⇥ 10�5 13.5 1.00 < 7.9 ⇥ 10�5 13.6 1.00

GW190412 HLV < 9.5 ⇥ 10�4 19.7 < 1.0 ⇥ 10�5 18.9 1.00 < 3.1 ⇥ 10�5 17.9 1.00 < 7.9 ⇥ 10�5 17.8 1.00

GW190413 052954 HLV – – – – – – – – 7.2 ⇥ 10�2 8.6 0.98

GW190413 134308 HLV – – 3.8 ⇥ 10�1 10.0 0.95 – – – 4.4 ⇥ 10�2 9.0 0.98

GW190421 213856 HL 3.0 ⇥ 10�1 9.3 7.7 ⇥ 10�4 10.6 1.00 1.9 ⇥ 100 10.2 0.89 6.6 ⇥ 10�3 10.2 1.00

GW190424 180648 L 7.8 ⇥ 10�1† 10.0 0.91

GW190425 LV 7.5 ⇥ 10�4† 13.0 –

GW190426 152155 HLV – – 1.4 ⇥ 100 10.1 – – – – – – –

GW190503 185404 HLV 1.8 ⇥ 10�3 11.5 < 1.0 ⇥ 10�5 12.1 1.00 3.7 ⇥ 10�2 12.2 1.00 < 7.9 ⇥ 10�5 12.2 1.00

GW190512 180714 HLV 8.8 ⇥ 10�1 10.7 < 1.0 ⇥ 10�5 12.3 1.00 3.8 ⇥ 10�5 12.2 1.00 < 5.7 ⇥ 10�5 12.2 1.00

GW190513 205428 HLV – – < 1.0 ⇥ 10�5 12.3 1.00 3.7 ⇥ 10�4 11.8 1.00 < 5.7 ⇥ 10�5 11.9 1.00

GW190514 065416 HL – – – – – – – – 5.3 ⇥ 10�1 8.3 0.96

GW190517 055101 HLV 6.5 ⇥ 10�3 10.7 9.6 ⇥ 10�4 10.6 1.00 1.8 ⇥ 10�2 10.4 1.00 < 5.7 ⇥ 10�5 10.2 1.00

GW190519 153544 HLV 3.1 ⇥ 10�4 14.0 < 1.0 ⇥ 10�5 12.0 1.00 < 1.8 ⇥ 10�5 13.0 1.00 < 5.7 ⇥ 10�5 13.0 1.00

GW190521 HLV 2.0 ⇥ 10�4 14.4 1.2 ⇥ 10�3 14.7 1.00 1.1 ⇥ 100 12.6 0.93 – – –

GW190521 074359 HL < 1.0 ⇥ 10�4 24.7 < 1.0 ⇥ 10�5 24.4 1.00 < 1.8 ⇥ 10�5 24.0 1.00 < 5.7 ⇥ 10�5 24.0 1.00

GW190527 092055 HL – – 6.2 ⇥ 10�2 8.9 0.99 – – – – – –

GW190602 175927 HLV 1.5 ⇥ 10�2 11.1 1.1 ⇥ 10�5 12.1 1.00 – – – 1.5 ⇥ 10�2 11.4 1.00

GW190620 030421 LV 2.9 ⇥ 10�3† 10.9 1.00

GW190630 185205 LV < 1.0 ⇥ 10�5 15.6 1.00

GW190701 203306 HLV 5.5 ⇥ 10�1 10.2 1.1 ⇥ 10�2 11.6 1.00 – – – – – –

GW190706 222641 HLV < 1.0 ⇥ 10�3 12.7 < 1.0 ⇥ 10�5 12.3 1.00 6.7 ⇥ 10�5 11.7 1.00 < 4.6 ⇥ 10�5 12.3 1.00

GW190707 093326 HL – – < 1.0 ⇥ 10�5 13.0 1.00 < 1.0 ⇥ 10�5 12.8 1.00 < 4.6 ⇥ 10�5 12.8 1.00

GW190708 232457 LV 2.8 ⇥ 10�5† 13.1 1.00

GW190719 215514 HL – – – – – – – – 1.6 ⇥ 100 8.0 0.82

GW190720 000836 HLV – – < 1.0 ⇥ 10�5 11.7 1.00 < 2.0 ⇥ 10�5 10.6 1.00 < 3.7 ⇥ 10�5 10.5 1.00

GW190727 060333 HLV 8.8 ⇥ 10�2 11.4 < 1.0 ⇥ 10�5 12.3 1.00 3.5 ⇥ 10�3 11.5 1.00 < 3.7 ⇥ 10�5 11.8 1.00

GW190728 064510 HLV – – < 1.0 ⇥ 10�5 13.6 1.00 < 1.6 ⇥ 10�5 13.4 1.00 < 3.7 ⇥ 10�5 13.4 1.00

GW190731 140936 HL – – 2.1 ⇥ 10�1 8.5 0.97 – – – 2.8 ⇥ 10�1 8.2 0.96

GW190803 022701 HLV – – 3.2 ⇥ 10�2 9.0 0.99 – – – 2.7 ⇥ 10�2 8.6 0.99

GW190814 LV < 1.0 ⇥ 10�5 22.2 1.00

GW190828 063405 HLV < 9.6 ⇥ 10�4 16.6 < 1.0 ⇥ 10�5 16.0 1.00 < 1.5 ⇥ 10�5 15.3 1.00 < 3.3 ⇥ 10�5 15.3 1.00

GW190828 065509 HLV – – < 1.0 ⇥ 10�5 11.1 1.00 5.8 ⇥ 10�5 10.8 1.00 < 3.3 ⇥ 10�5 10.8 1.00

GW190909 114149 HL – – 1.1 ⇥ 100 8.5 0.89 – – – – – –

GW190910 112807 LV 1.9 ⇥ 10�5† 13.4 1.00

GW190915 235702 HLV < 1.0 ⇥ 10�3 12.3 < 1.0 ⇥ 10�5 13.1 1.00 8.6 ⇥ 10�4 13.0 1.00 < 3.3 ⇥ 10�5 12.7 1.00

GW190924 021846 HLV – – < 1.0 ⇥ 10�5 13.2 1.00 < 6.3 ⇥ 10�5 12.5 1.00 < 3.3 ⇥ 10�5 12.4 1.00

GW190929 012149 HLV – – 2.0 ⇥ 10�2 9.9 1.00 – – – – – –

GW190930 133541 HL – – 5.8 ⇥ 10�1 10.0 0.92 3.4 ⇥ 10�2 9.7 1.00 3.3 ⇥ 10�2 9.8 0.99

TABLE IV. Gravitational wave candidate event list. We find 39 candidate events passing the FAR threshold of 2.0 yr�1 in at
least one of the four searches. Except for previously published events, the gravitational wave name encodes the UTC date with
the time of the event given after the underscore. Bold-faced names indicate that the event was not previously reported. The
second column denotes the observing instruments. For each of the four pipelines, cWB, GstLAL, PyCBC, and PyCBC BBH,
we provide the FAR and network SNR. Of the 39 candidate events, the 5 that were found above the required SNR threshold
in only one of the gravitational wave detectors are denoted by a dagger (†). For candidate events found above threshold in
only one detector (single-detector candidate events), the FAR estimate involves extrapolation. All single-detector candidate
events in this list by definition are rarer than the background data collected in this analysis. Therefore, a conservative bound
on the FAR for triggers denoted by † is ⇠ 2 yr�1. GW190521, GW190602 175927, GW190701 203306, and GW190706 222641
were identified by the cWB high-mass search as described in Sec. IV A. GstLAL FARs have been capped at 1 ⇥ 10�5 yr�1 to
be consistent with the limiting FARs from other pipelines. Dashes indicate that a pipeline did not find the event below the
specified 2.0 yr�1 threshold. Blank entries indicate that the data was not searched by a pipeline. The probability that an
event is astrophysical in origin as described in Sec. IV D is indicated in the column pastro.

⇤ PyCBC and cWB SNRs do not
include Virgo. S190510g, S190718y, S190901ap, S190910d, S190910h, S190923y, and S190930t [232–238] were candidate events
disseminated via GCNs which are not recovered here. The SNR for GW190814 (22.2) di↵ers from the previously published
value [31] because the non-observing-mode LIGO Hanford data was not analyzed in this work. The FAR of GW190425 di↵ers
from [30] due to di↵erent background data and pipeline configuration.
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Il giovane Einstein (19 anni) con la sua classe ad Aarau (autunno 1896)
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