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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.
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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
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[64]. Additionally, the detector response to gravitational
waves is tested by injecting simulated waveforms with the
calibration laser.
To monitor environmental disturbances and their influ-

ence on the detectors, each observatory site is equipped
with an array of sensors: seismometers, accelerometers,
microphones, magnetometers, radio receivers, weather
sensors, ac-power line monitors, and a cosmic-ray detector
[65]. Another ∼105 channels record the interferometer’s
operating point and the state of the control systems. Data
collection is synchronized to Global Positioning System
(GPS) time to better than 10 μs [66]. Timing accuracy is
verified with an atomic clock and a secondary GPS receiver
at each observatory site.
In their most sensitive band, 100–300 Hz, the current

LIGO detectors are 3 to 5 times more sensitive to strain than
initial LIGO [67]; at lower frequencies, the improvement is
even greater, with more than ten times better sensitivity
below 60 Hz. Because the detectors respond proportionally
to gravitational-wave amplitude, at low redshift the volume
of space to which they are sensitive increases as the cube
of strain sensitivity. For binary black holes with masses
similar to GW150914, the space-time volume surveyed by
the observations reported here surpasses previous obser-
vations by an order of magnitude [68].

IV. DETECTOR VALIDATION

Both detectors were in steady state operation for several
hours around GW150914. All performance measures, in
particular their average sensitivity and transient noise
behavior, were typical of the full analysis period [69,70].
Exhaustive investigations of instrumental and environ-

mental disturbances were performed, giving no evidence to
suggest that GW150914 could be an instrumental artifact
[69]. The detectors’ susceptibility to environmental disturb-
ances was quantified by measuring their response to spe-
cially generated magnetic, radio-frequency, acoustic, and
vibration excitations. These tests indicated that any external
disturbance large enough to have caused the observed signal
would have been clearly recorded by the array of environ-
mental sensors. None of the environmental sensors recorded
any disturbances that evolved in time and frequency like
GW150914, and all environmental fluctuations during the
second that contained GW150914 were too small to account
for more than 6% of its strain amplitude. Special care was
taken to search for long-range correlated disturbances that
might produce nearly simultaneous signals at the two sites.
No significant disturbances were found.
The detector strain data exhibit non-Gaussian noise

transients that arise from a variety of instrumental mecha-
nisms. Many have distinct signatures, visible in auxiliary
data channels that are not sensitive to gravitational waves;
such instrumental transients are removed from our analyses
[69]. Any instrumental transients that remain in the data
are accounted for in the estimated detector backgrounds

described below. There is no evidence for instrumental
transients that are temporally correlated between the two
detectors.

V. SEARCHES

We present the analysis of 16 days of coincident
observations between the two LIGO detectors from
September 12 to October 20, 2015. This is a subset of
the data from Advanced LIGO’s first observational period
that ended on January 12, 2016.
GW150914 is confidently detected by two different

types of searches. One aims to recover signals from the
coalescence of compact objects, using optimal matched
filtering with waveforms predicted by general relativity.
The other search targets a broad range of generic transient
signals, with minimal assumptions about waveforms. These
searches use independent methods, and their response to
detector noise consists of different, uncorrelated, events.
However, strong signals from binary black hole mergers are
expected to be detected by both searches.
Each search identifies candidate events that are detected

at both observatories consistent with the intersite propa-
gation time. Events are assigned a detection-statistic value
that ranks their likelihood of being a gravitational-wave
signal. The significance of a candidate event is determined
by the search background—the rate at which detector noise
produces events with a detection-statistic value equal to or
higher than the candidate event. Estimating this back-
ground is challenging for two reasons: the detector noise
is nonstationary and non-Gaussian, so its properties must
be empirically determined; and it is not possible to shield
the detector from gravitational waves to directly measure a
signal-free background. The specific procedure used to
estimate the background is slightly different for the two
searches, but both use a time-shift technique: the time
stamps of one detector’s data are artificially shifted by an
offset that is large compared to the intersite propagation
time, and a new set of events is produced based on this
time-shifted data set. For instrumental noise that is uncor-
related between detectors this is an effective way to
estimate the background. In this process a gravitational-
wave signal in one detector may coincide with time-shifted
noise transients in the other detector, thereby contributing
to the background estimate. This leads to an overestimate of
the noise background and therefore to a more conservative
assessment of the significance of candidate events.
The characteristics of non-Gaussian noise vary between

different time-frequency regions. This means that the search
backgrounds are not uniform across the space of signals
being searched. To maximize sensitivity and provide a better
estimate of event significance, the searches sort both their
background estimates and their event candidates into differ-
ent classes according to their time-frequency morphology.
The significance of a candidate event is measured against the
background of its class. To account for having searched
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multiple classes, this significance is decreased by a trials
factor equal to the number of classes [71].

A. Generic transient search

Designed to operate without a specific waveform model,
this search identifies coincident excess power in time-
frequency representations of the detector strain data
[43,72], for signal frequencies up to 1 kHz and durations
up to a few seconds.
The search reconstructs signal waveforms consistent

with a common gravitational-wave signal in both detectors
using a multidetector maximum likelihood method. Each
event is ranked according to the detection statistic
ηc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec=ð1þ En=EcÞ

p
, where Ec is the dimensionless

coherent signal energy obtained by cross-correlating the
two reconstructed waveforms, and En is the dimensionless
residual noise energy after the reconstructed signal is
subtracted from the data. The statistic ηc thus quantifies
the SNR of the event and the consistency of the data
between the two detectors.
Based on their time-frequency morphology, the events

are divided into three mutually exclusive search classes, as
described in [41]: events with time-frequency morphology
of known populations of noise transients (class C1), events
with frequency that increases with time (class C3), and all
remaining events (class C2).

Detected with ηc ¼ 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and
including a trials factor of 3 to account for the search
classes, its false alarm rate is lower than 1 in 22 500 years.
This corresponds to a probability < 2 × 10−6 of observing
one or more noise events as strong as GW150914 during
the analysis time, equivalent to 4.6σ. The left panel of
Fig. 4 shows the C3 class results and background.
The selection criteria that define the search class C3

reduce the background by introducing a constraint on the
signal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without
this constraint. Specifically, we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2þ C3).
In this two-class search the GW150914 event is found in
the C2þ C3 class. The left panel of Fig. 4 shows the
C2þ C3 class results and background. In the background
of this class there are four events with ηc ≥ 32.1, yielding a
false alarm rate for GW150914 of 1 in 8 400 years. This
corresponds to a false alarm probability of 5 × 10−6

equivalent to 4.4σ.



For robustness and validation, we also use other generic
transient search algorithms [41]. A different search [73] and
a parameter estimation follow-up [74] detected GW150914
with consistent significance and signal parameters.

B. Binary coalescence search

This search targets gravitational-wave emission from
binary systems with individual masses from 1 to 99M⊙,
total mass less than 100M⊙, and dimensionless spins up to
0.99 [44]. To model systems with total mass larger than
4M⊙, we use the effective-one-body formalism [75], which
combines results from the post-Newtonian approach
[11,76] with results from black hole perturbation theory
and numerical relativity. The waveform model [77,78]
assumes that the spins of the merging objects are aligned
with the orbital angular momentum, but the resulting
templates can, nonetheless, effectively recover systems
with misaligned spins in the parameter region of
GW150914 [44]. Approximately 250 000 template wave-
forms are used to cover this parameter space.
The search calculates the matched-filter signal-to-noise

ratio ρðtÞ for each template in each detector and identifies
maxima of ρðtÞwith respect to the time of arrival of the signal
[79–81]. For each maximum we calculate a chi-squared
statistic χ2r to test whether the data in several different
frequency bands are consistent with the matching template
[82]. Values of χ2r near unity indicate that the signal is
consistent with a coalescence. If χ2r is greater than unity, ρðtÞ
is reweighted as ρ̂ ¼ ρ=f½1þ ðχ2rÞ3�=2g1=6 [83,84]. The final
step enforces coincidence between detectors by selecting
event pairs that occur within a 15-ms window and come from
the same template. The 15-ms window is determined by the
10-ms intersite propagation time plus 5 ms for uncertainty in
arrival time of weak signals. We rank coincident events based
on the quadrature sum ρ̂c of the ρ̂ from both detectors [45].
To produce background data for this search the SNR

maxima of one detector are time shifted and a new set of
coincident events is computed. Repeating this procedure
∼107 times produces a noise background analysis time
equivalent to 608 000 years.
To account for the search background noise varying across

the target signal space, candidate and background events are
divided into three search classes based on template length.
The right panel of Fig. 4 shows the background for the
search class of GW150914. The GW150914 detection-
statistic value of ρ̂c ¼ 23.6 is larger than any background
event, so only an upper bound can be placed on its false
alarm rate. Across the three search classes this bound is 1 in
203 000 years. This translates to a false alarm probability
< 2 × 10−7, corresponding to 5.1σ.
A second, independent matched-filter analysis that uses a

different method for estimating the significance of its
events [85,86], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real
gravitational-wave signal, as for GW150914, the back-
ground used to determine the significance of other events is
reestimated without the contribution of this event. This is
the background distribution shown as a purple line in the
right panel of Fig. 4. Based on this, the second most
significant event has a false alarm rate of 1 per 2.3 years and
corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is
astrophysical in origin it is also a binary black hole
merger [44].

VI. SOURCE DISCUSSION

The matched-filter search is optimized for detecting
signals, but it provides only approximate estimates of
the source parameters. To refine them we use general
relativity-based models [77,78,87,88], some of which
include spin precession, and for each model perform a
coherent Bayesian analysis to derive posterior distributions
of the source parameters [89]. The initial and final masses,
final spin, distance, and redshift of the source are shown in
Table I. The spin of the primary black hole is constrained
to be < 0.7 (90% credible interval) indicating it is not
maximally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [39]. The parameter uncertainties include
statistical errors and systematic errors from averaging the
results of different waveform models.
Using the fits to numerical simulations of binary black

hole mergers in [92,93], we provide estimates of the mass
and spin of the final black hole, the total energy radiated
in gravitational waves, and the peak gravitational-wave
luminosity [39]. The estimated total energy radiated in
gravitational waves is 3.0þ0.5

−0.5M⊙c2. The system reached a
peak gravitational-wave luminosity of 3.6þ0.5

−0.4 × 1056 erg=s,
equivalent to 200þ30

−20M⊙c2=s.
Several analyses have been performed to determine

whether or not GW150914 is consistent with a binary

TABLE I. Source parameters for GW150914. We report
median values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of
different waveform models. Masses are given in the source
frame; to convert to the detector frame multiply by (1þ z)
[90]. The source redshift assumes standard cosmology [91].

Primary black hole mass 36þ5
−4M⊙

Secondary black hole mass 29þ4
−4M⊙

Final black hole mass 62þ4
−4M⊙

Final black hole spin 0.67þ0.05
−0.07

Luminosity distance 410þ160
−180 Mpc

Source redshift z 0.09þ0.03
−0.04
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