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About 1.3 billion years ago...

As massive objects move around, the curvature of space changes
Information about the changing spacetime curvature 

propagates out at the speed of light as gravitational waves
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The physical effect of a gravitational wave is to 
stretch and squeeze spacetime by a strain proportional to

For typical astrophysical sources



Proxima Centauri

4.2 light years

Imagine measuring this 
distance to a precision 

of ten microns
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However, the energy radiated in gravitational waves is enormous

Solar luminosity L ~ 1033 erg/s 
Gamma Ray Bursts L ~ 1049-52 erg/s
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Michelson interferometer Weiss' 1972 design study
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Transient signal with signal-to-noise ratio ~ 24 identified within 
three minutes by low-latency coherent wave burst search 



Probable location of merger

Limited by two-detector network
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To detect signals from compact-
object binaries, we construct a 
bank template waveforms and 

matched-filter the data

Apply additional waveform-consistency tests to separate signal from noise



Significance of the Signal
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GW150914

Search Result
Search Background
Background excluding GW150914

• Matched filter search for signals 
from compact-object mergers in 
data taken between Sep 12 and 
Oct 20, 2015 

• Approximately 250,000 templates 

• Measure the noise background 
by introducing artificial "time-
shifts" and re-analyzing these 
data 

• False alarm rate < 1 in 203,000 yr





GW150914

• Observed September 14, 2015 
09:50:45 UTC 

• The signal is seen first by the Livingston 
detector and then 7ms later at Hanford 

• Over 0.2 seconds, the signal increases 
in frequency and amplitude in about  
8 cycles from 35 Hz to a peak amplitude 
at 150 Hz



• Use this to measure the "chirp mass" 

• From this we can bound the total mass 

• The components must reach an orbital frequency of 75 Hz without 
touching each other 

• Black holes are the only known objects compact enough to do this
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Use Bayesian analysis to measure source parameters  

Primary mass = 36

+5
�4 M�

Secondary mass = 29

+4
�4 M�

Luminosity Distance = 410

+160
�180 Mpc

Source redshift z = 0.09+0.03
�0.04

Final black hole mass = 62

+4
�4 M�

Final black hole spinz = 0.67+0.05
�0.07





propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
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) [39,46].
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. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

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 [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, 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.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

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 ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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• Full numerical relativity 
waveform fits very well to 
measured signal 

• No evidence for deviation 
from the merger of two 
Kerr black holes 
described by General 
Relativity 

• NR simulations give 
radiated energy 3M�c

2
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FIG. 6. 90% upper bounds on the fractional variations for the
known PN coe�cients compared to their known value in GR.
The orange squares are the 90% upper bounds obtained from the
single-parameter analysis of GW150914. As a comparison, the
blue triangles show the 90% upper bounds extrapolated exclusively
from the orbital-period derivative, Ṗorb, of the double pulsar J0737-
3039 [12, 84]. The GW phase deduced from an almost constant Ṗorb
cannot provide significant information as the PN order is increased.
As an illustration of the di↵erent dynamical regimes between the
double pulsar and GW150914, we show the bounds for the former
only up to 1PN order. We do not report on the 2.5PN coe�cient be-
cause, being degenerate with the reference phase, it is unmeasurable.
We also do not report on the logarithmic terms in the PN series at
2.5PN and 3PN order, which can be found in Table I and in Fig. 7.

the model is constructed, which involves fitting a waveform
phasing ansatz to a calibration set of EOB joined to NR wave-
forms [39], there is an intrinsic uncertainty in the values of
the phenomenological parameters of the IMRPhenom model.
For the intermediate and merger-ringdown regime, we veri-
fied that these intrinsic uncertainties are much smaller than
the corresponding statistical uncertainties for GW150914 and
thus do not a↵ect our conclusions. In the late-inspiral case, the
uncertainties associated with the calibration of the � j param-
eters are very large and almost comparable with our results.
Therefore, we do not report results for the � j parameters.

As said, we construct the gIMR model by introducing
(fractional) deformations, � p̂i, for each of the IMRPhenom
phase parameters pi, which appear in the di↵erent stages
of the coalescence discussed above. At each point in pa-
rameter space, the coe�cients pi are evaluated for the local
physical parameters (masses, spins) and multiplied by factors
(1 + � p̂i). In this parameterization, GR is uniquely defined
as the locus in the parameter space where each of the phe-
nomenological parameters, {�p̂i}, assumes exactly the value of
zero. In summary, our battery of testing parameters consists
of: (i) early-inspiral stage: {�'̂0, �'̂1, �'̂2, �'̂3, �'̂4, �'̂5l, �'̂6,

�'̂6l, �'̂7} 5, (ii) late-inspiral stage: {��̂2, ��̂3, ��̂4}, (iii) inter-
mediate regime: {��̂2, ��̂3}, and (iv) merger-ringdown regime:
{�↵̂2, �↵̂3, �↵̂4}. We do not consider parameters that are de-
generate with either the reference time or the reference phase.
For our analysis, we explore two scenarios: single-parameter
analysis, in which only one of the parameters is allowed to
vary while the remaining ones are fixed to their GR value,
that is zero, and multiple-parameter analysis in which all pa-
rameters in each stage are allowed to vary simultaneously.

The rationale behind our choices of single- and multiple-
parameter analyses comes from the following considerations.
In most known alternative theories of gravity [13, 14, 85], the
corrections to GR extend to all PN orders even if in most cases
they have been computed only at leading PN order. Consider-
ing that GW150914 is an inspiral, merger and ringdown sig-
nal, sweeping through the detector between 20 Hz and 300
Hz, we expect to see the signal deviations from GR at all PN
orders. The single-parameter analysis corresponds to mini-
mally extended models, that can capture deviations from GR
that predominantly, but not only, occur at a specific PN order.
Due to their covariance, we find that in the multiple-parameter
analysis the correlations among the parameters is very signif-
icant. In other words, a shift in one of the testing parameters
can always be compensated by an opposite sign change of an-
other parameter and still return the same overall GW phase.
Thus, it is not surprising that the multiple-parameter case pro-
vides a much more conservative statement on the agreement
between GW150914 and GR.

For each set of testing parameters, we perform a separate
LALInference analysis, where in concert with the full set of
GR parameters [3], we also explore the posterior distributions
for the specified set of testing parameters. Since our testing
parameters are purely phenomenological (except the ones of
the PN early-inspiral stage), we choose their prior probabil-
ity distributions to be uniform and wide enough to encompass
the full posterior probability density function in the single-
parameter case. In particular we employ: �'̂i 2 [�20, 20];
��̂i 2 [�30, 30]; ��̂i 2 [�3, 3]; �↵̂i 2 [�5, 5]. In all the anal-
yses that we performed we obtain estimates of the physical
parameters — e.g., masses and spins – that are in agreement
with the ones reported in Ref. [3].

We show in Fig. 6 the 90% upper bounds on the values of
the (known) PN parameters �'̂i with i = 0, . . . , 7 (except for
i = 5, which is degenerate with the reference phase), when
varying the testing parameters one at the time, keeping the
other parameters fixed to the GR value. As an illustration, fol-
lowing Ref. [84], we also show in Fig. 6 the bounds obtained
from the orbital-period derivative Ṗorb of the double pulsar
J0737-3039 [12]. Not surprisingly, since in binary pulsars the
orbital period changes at essentially a constant rate, the cor-
responding bounds quickly become rather loose as the PN or-

5 Unlike Ref. [39], we explicitly include the logarithmic terms �'̂5l and �'̂6l.
We also include the 0.5PN parameter that is zero in GR, thus �'̂1 is an
absolute shift rather than relative.
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• Measure deviation of 
post-Newtonian 
parameters from those 
predicted by GR



• GW150914 is the first observation of a binary black hole merger... 

• ...and is the best test of GR in the strong field, nonlinear regime 

• We find no evidence for disagreement with General Relativity

�g > 1013 km

mg < 1.2⇥ 10�22eV/c2



• GW150914 has important implications for massive star formation 

• Black holes larger than 25 solar masses exist  

• Black hole binaries exist and merge within a Hubble time 

• Merger rates implied by the detection are 2 - 400 Gpc3 / yr 

• Black holes this massive likely formed in a low-metallicity 
environment (less than half the solar metalicity)



Follow-up by a wide variety of electromagnetic observing partners

Abbott et al. arXiv:1602.08492





Abbott et al. arXiv:1602.03838



• Advanced LIGO's sensitivity was at the upper end of that predicted 
for the first observing run

Abbott et al. arXiv:1304.0670



• Rates 2 - 400 Gpc-3 yr-1 

• This is only the beginning of 
gravitational-wave astronomy  

• Lots more physics and 
astrophysics too explore



Abbott et al. PRL 116  061102 (2016)

• LIGO has made the first 
measurement of gravitational-
wave amplitude and phase 

• A merging binary black hole 
system has been seen for the 
first time 

• LIGO will resume the search 
for gravitational waves in the 
Fall of 2016; Virgo will join in



The LIGO Scientific Collaboration


