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Linearized gravity

• Flat, empty space is a solution 
to general relativity.

• Leading order correction, hμν, 
satisfies wave equation

• These waves create a tidal 
distortion in space-time,



Generating gravitational waves

• Time varying mass 
quadrupole generates 
gravitational waves

• Binary system is ideal

For a black hole:



A global network



LIGO Livingston Observatory



LIGO Hanford Observatory





10-22 change in length of a LIGO arm: 10-18 m

The Scale of the Challenge



The Scale of the Challenge



gravitational
wave: 10-18 m

ground motion:
10-8 m

(1010 × bigger)

thermal vibrations:
10-12 m

(106 × bigger)

laser 
wavelength:

10-6 m
(1012 × bigger)



output

Signal
Recycling

Mirror

Solution: 
increase laser power 
(photon count)

Fabry-Perot cavities: 
increase effective 
arm length by x 300

laser 
wavelength:

10-6 m
(1012 × bigger)



output

Signal
Recycling

Mirror

laser 
wavelength:

10-6 m
(1012 × bigger)

Solution: 
increase laser power 
(photon count)

“Recycling” mirrors 
multiply effective 
laser power by x 35. 



output

Signal
Recycling

Mirror

Combined effect:
Laser power of 100kW in 
the arms
1024 photons / sample
1012 factor in sensitivity 

laser 
wavelength:

10-6 m
(1012 × bigger)



Input test mass

End test mass
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Metal masses

Fused silica 

masses

Steel wire

Fused silica fibers

Electrostatic 

actuator

ground motion:
10-8 m

(1010 × bigger)

Quadruple pendulum 
suspension system: 107

+
Active seismic 
isolation: 103



thermal 
vibrations:

10-12 m
(106 × bigger)

Ultra-high 
mechanical quality

(Q ~ 106) fused-
silica optics



isolates thermal 
motion into 

narrow frequency 
bands



O1 Data Taking



GW150914

▪ In September 2015, we were in the final stages of 
preparation for first Advanced LIGO data run (O1).

▪ The very last step is a short “Engineering Run,” during 
which on Sept 14 our online monitor recorded 
GW150914.

▪ We identified the signal within 3 minutes

▪ We responded by starting the data run officially, 
keeping all settings fixed and ran for 16 live days 
coincidence time (long enough to assess background 
levels, etc)

▪ First GW announcement reported on that data.

▪ O1 data taking continued until 12 Jan 2016



GW150914



GW150914



GW 150914



GW 150914



Identifying the signals

GW150914

GW151226



Matched filtering
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Binary Merger Search

▪ Use known waveforms to 
search for binary signals.

▪ Calculate Signal to Noise 
Ratio (SNR), r(t), identify 
maxima, and reweight by a 
c2 consistency measure.

▪ Require coincidence between 
detectors within 15 msec.

▪ Detection statistic: 
quadrature sum of the signal 
to noise in each detector.

▪ Background: Time shift by 
multiples of 0.1 seconds and 
repeat search. 
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tive to BBH mergers with total mass⇠30M or greater [60].
A bank of template waveforms isused to cover theparame-

ter space to be searched [53, 61–64]. The gravitational wave-
formsdepend upon themasses m1,2 (using theconvention that
m1 ≥ m2), and angular momenta S1,2 of the binary compo-
nents. We characterise the angular momentum in terms of the
dimensionless spin magnitude

a1,2 =
c

Gm2
1,2

|S1,2| , (2)

and the component aligned with the direction of the orbital
angular momentum, L, of the binary [65, 66],

c1,2 =
c

Gm2
1,2

S1,2 ·L̂ . (3)

We restrict this template bank to systems for which the spin
of the systems is aligned (or anti-aligned) with the orbital an-
gular momentum of the binary. Consequently, the waveforms
depends primarily upon the chirp mass [67–69]

M =
(m1m2)3/ 5

M1/ 5
, (4)

the mass ratio [18]

q =
m2

m1
1, (5)

and the effective spin parameter [70–73]

ceff =
m1c1 + m2c2

M
, (6)

whereM = m1 + m2 is thebinary’s total mass. Thechirp mass
and effective spin are combinations of masses and spin which
have significant impact on the evolution of the inspiral, and
arethereforeaccurately measured parameters for gravitational
waveforms [56, 74–77].

The minimum black hole mass is taken to be 2M , con-
sistent with the largest known masses of neutron stars [78].
There is no known maximum black hole mass [79], however
we limit this template bank to binaries with a total mass less
than M 100M . For higher mass binaries, the Advanced
LIGO detectors aresensitive to only thefinal few cycles of in-
spiral plus merger, making the analysis more susceptible to
noise transients. The results of searches for more massive
BBH mergers will be reported in future publications. In prin-
ciple, black hole spins can lie anywhere in the range from − 1
(maximal and anti-aligned) to + 1 (maximal and aligned). We
limit the spin magnitude to less than 0.99, which is the re-
gion over which we are able to generate valid template wave-
forms [8]. The bank of templates used for the analysis is
shown in Figure 2.

Both analyses separately correlate the data from each de-
tector with template waveforms that model the expected sig-
nal. The analyses identify candidate events that are detected
at both the Hanford and Livingston observatories consistent
with the 10 ms inter-site propagation time. Additional sig-
nal consistency tests are performed to mitigate the effects of
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FIG. 2. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,

using the convention m1 > m2. The colours indicate mass regions
with different limits on the dimensionless spin parameters c1 and

c2. Symbols indicate the best matching templates for GW150914,
GW151226 and LVT151012. For GW150914, GW151226 the tem-

plate was the same in the PyCBC and GstLAL searches while for
LVT151012 they differed. Theparameters of the best matching tem-

plates are not the same as the detector frame masses provided by the
detailed parameter estimation discussed in Section IV.

non-stationary transients in the data. Events are assigned a
detection-statistic value that ranks their likelihood of being a
gravitational-wave signal. For PyCBC, r̂ c is the quadrature
sum of signal-consistency re-weighted SNRs in the two de-
tectors. For GstLAL, lnL is the log-likelihood ratio for the
signal and noisemodels. Thedetection statistics arecompared
to the estimated detector noise background to determine, for
each candidate event, theprobability that detector noisewould
give rise to at least one equally significant event. Further de-
tails of the analysis methods are available in Appendix A.

The results for the two different analyses are presented
in Figure 3. The figure shows the observed distribution of
events, as well as the background distribution used to assess
significance. In both analyses, there are three events that
lie above the estimated background: GW150914, GW151226
and LVT151012. All three of these are consistent with being
BBH merger signals and are discussed in further detail be-
low. The templates producing the highest significance in the
two analyses are indicated in Figure 2, thegravitational wave-
forms are shown in Figure 1 and key parameters are summa-
rized in Table I. There were no other significant BBH trig-
gers in the first advanced LIGO observing run. All other ob-
served eventsareconsistent with thenoise background for the
search. Follow up of the coincident events r̂ c ⇡ 9 in the Py-
CBC analysis suggests that they are likely due to noisefluctu-
ations or poor data quality, rather than apopulation of weaker
gravitational-wave signals.

It is clear from Figure 3 that at high significance, the
background distribution is dominated by the presence of
GW150914 in the data. Consequently, once an event has
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Statistical Significance
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GW150914:
A black hole binary

• Orbits decay due to 
emission of 
gravitational waves

• Leading order
determined by 
“chirp mass” 



• Binary is at least 
sixty times as 
massive as the sun.

• Bodies are in orbit 
until centres are 
separated by a 
few hundred km.

GW150914:
A black hole binary
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FIG. 1. Left: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be related to the SNR of the signal
(as described in the text). Right: Time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All bands

show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing spin
waveform model [45].

Thegravitational-wavesignal from aBBH merger takesthe
form of a chirp, increasing in frequency and amplitude as the
black holes spiral inwards. The amplitude of the signal is
maximum at themerger, after which it decaysrapidly asthefi-
nal black holeringsdown to equilibrium. In thefrequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. This is followed by a slower falloff during merger
and then asteep decrease during theringdown. Theamplitude
of GW150914 issignificantly larger than the other two events
and at the time of the merger the gravitational-wave signal
lieswell abovethenoise. GW151226 has lower amplitude but
sweepsacross thewholedetector’ssensitiveband up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude but last longer.

Theanalysis presented in thispaper includes the total set of
O1 data from September 12, 2015 to January 19, 2016, which
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As described in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on atime-scale that ismuch longer than any CBC wave-

form. However, shorter duration artifactscan pollute thenoise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [48] visible in the auxiliary data
channels from the largenumber of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [49]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying thisdataquality process, detailed in [50], theremain-
ing coincident analysis time in O1 is 48.6 days. The analyses
search only stretches of data longer than aminimum duration,
to ensure that the detectors areoperating stably. Thechoice is
different in the two analyses and reduces the available data to
46.1 days for the PyCBC analysis and 48.3 days for the Gst-
LAL analysis.

I I I . SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented to search for stellar-mass BBH signals in the data
of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses
employ matched filtering [51–59] with waveforms given by
models based on general relativity [8, 9] to search for gravi-
tational waves from binary neutron stars, BBHs, and neutron
star–black hole binaries. In this paper, we focus on the results
of the matched filter search for BBHs. Results of the searches
for binary neutron stars and neutron star–black hole binaries
will be reported elsewhere. Thesematched-filter searches are
complemented by generic transient searches which are sensi-

Observed Signals



• Chirp mass
– Leading order inspiral rate

• Mass ratio and spins
– Change in amplitude / frequency evolution

– “effective” spin has the dominant effect

• Misaligned spins lead to orbital precession

Measuring masses and spins



Cosmological effects

• Binary merger signal has a characteristic shape
– Scales with the mass, M, of the system

• Redshift reduces observed frequencies
– Indistinguishable from change in mass 

=>  measure  M (1 +z)

• Amplitude scales
– inversely with the co-moving distance, DC

– with the total mass, M

• Directly measure: 
– luminosity distance, DL = DC (1 + z)
– Redshifted mass, M (1 + z)



Masses



Spins

GW150914 GW151226

LVT151012



Distance and sky position



Final mass and spin



Event summary



Event summary



Consistency with GR

From Abbott et al,
“Tests of general 
relativity with 
GW150914”, 2016



Consistency with GR

From Abbott et al,
“Tests of general 
relativity with 
GW150914”, 2016



Future Observing



Planned LIGO-Virgo Observing

Living Rev. Relativity 19 
(2016), 1

http://relativity.livingreviews.org/Articles/lrr-2016-1/


Planned LIGO-Virgo Observing

Time

Early

Mid

Late

Design

1 Jan

2015

1 Jan

2016

1 Jan

2017

1 Jan

2018

1 Jan

2019

1 Jan

2020

1 Jan

2021

1 Jan

2022

1 Jan

2023

1 Jan

2024

1 Jan

2025

Virgo

LIGO

O2 and beyond

SIGRAV 2016 - CEFALU' 31

• The second observing run O2 will most probably starts this fall 2016. Later the
interferometer Virgo will join the run.

orientation-averaged distance
for BNS detection with SNR = 8

Living Reviews in Relativity 19, 1 (2016)

Living Rev. Relativity 19 
(2016), 1

O1 O2 O3

http://relativity.livingreviews.org/Articles/lrr-2016-1/


Expectations for future runs

Probability of 
observing 

• N > 2 (blue)

• N > 10 (green)

• N > 40 (red)

highly significant 
events, as a function 
of surveyed time-
volume. 
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Summary

• GW150914 and GW151226 are the first direct detections of GWs 
and the first observations of binary black hole mergers.

• GW150914 contains the most massive known stellar-mass black 
holes. 

• GW150914 and GW151226 provide the opportunity test General 
Relativity in the large velocity, highly nonlinear regime.

• LIGO resumed the search for gravitational waves on 
November 30, 2016.

• We expect to observe many more binary black hole mergers in 
the coming years, as well as binaries containing neutron stars.

• Continue to look for electromagnetic counterparts to 
gravitational wave signals.



Stellar mass black holes


