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Implies immediate 
action at a distance

By Sir Godfrey Kneller  
- http://www.newton.cam.ac.uk/art/portrait.html

Sir Isaac Newton
Earth - By NASA/Apollo 17 crew; taken by either Harrison Schmitt or Ron Evans 

- http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
- apple by Abhijit Tembhekar from Mumbai, India

Some Equations

B. Lantz

1 Summary

F =
Gm1m2

r2
(1)

http://www.newton.cam.ac.uk/art/portrait.html
http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
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What is a Gravitational Wave?

Photograph by Orren Jack Turner, available at the United States 
Library of Congress's Prints and Photographs digital ID cph.3b46036.

Albert Einstein

 Predicted by Einstein in 1916 as part of GR.
 “Spacetime tells matter how to move,  
     matter tells spacetime how to curve”

 - J. A. Wheeler
 There are traveling wave solutions, the 
waves propagate at the speed of light.
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What is a Gravitational Wave?

Albert Einstein

Assert an analogy:

A stationary electron has an electric field, and 
   accelerating the electron creates waves.

A stationary mass has a gravitational field, and 
   accelerating the mass creates waves.

But, gravitational forces are relatively weak, or space is very 
stiff.
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Gravitational waves are hard to 
measure because space doesn’t like to 
stretch.

(that’s why it’s taken so long,  
   Einstein 1916, Weiss 1973)

Earth-to-Sun ~ 150 million kilometers  
1.5e11 m * 1e-21strain  
 = 1.5e-10 meters 

3 Classes of Technical  
   Approach:

1) Really long arms. 
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Figure 1: Advanced LIGO interferometer configuration. ETM, end test mass; ITM, input

test mass; BS, 50/50 beamsplitter; CP, compensation plate; ERM, end reaction mass; PRM,

power recycling mirror; SRM, signal recycling mirror; PR2/3, power recycling cavity mirror

2/3; SR2/3, signal recycling cavity mirror 2/3; FI, Faraday isolator; ⌅m, phase modula-

tion; PD, photodetector. The power levels shown correspond to full-power operation; the

interferometers can also be operated at much lower powers with good strain sensitivity.
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5.2 kW 750 kW

Goal 2: Measure distance 
change of arms very accurately
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interferometers can also be operated at much lower powers with good strain sensitivity.
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Fabry-Perot arms
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100 kW now

750 kW O3

Dual recycled MicheIson with 
Fabry-Perot arm cavities

Fabry-Perot cavities store 
light, maximize phase per h
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Laser  
  - currently 23 W 
  - designed for 125 W TEM00 to IFO
  - use common mode arm length,  
 frequency noise < 1e-7 Hz/√Hz at 10 Hz. 
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Power recycling

15

Power Recycling Cavity 
increases stored light to improve 

shot noise

800 W in PRC now

Dual recycled MicheIson with 
Fabry-Perot arm cavities

5.2 kW in PRC
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ICTS Winter School 2013 8

Laser overview 

Commercial NPRO, 2 W, Nd:YAG crystal pumped by laser diodes at 808 nm  
Medium power amp, 35 W, 4 Nd:YVO4 crystals pumped fiber-coupled LD at 808 nm

Ring oscillator, 220 W, 4 Nd:YAG crystals each pumped by 7 LD at 808 nm

O. Puncken, G1301316
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5.2 kW 750 kW

goal 3 - keep the mirrors 
from moving
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HEPI

BSC-ISI

Large Optic  
(business end of SUS)

1x10-19 m/√Hz near 10 Hz

3x10-12 m/√Hz at 10 Hz

~4x10-10 m/√Hz at 10 Hz

19
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SUS: Quadruple Suspension for ETM/ITM

• Parameters for suspension

• Test and penultimate masses : 
each 40 kg, 34 cm (diam) x 20 
cm, silica

• Other masses: 22 kg, 22 kg

• Final stage: 60 cm silica ribbons,      
1.1 mm x 0.11 mm,                     
Vertical bounce mode: 8.8 Hz          
first violin mode: ~490 Hz

• Overall length (suspension point 
to optic centre) 1.63 m

• MATLAB model used to compute 
transfer functions (update from M 
Barton not yet implemented -
longitudinal TF will be unaffected, 
vertical TF will be slightly (<10%) 
larger than shown overleaf)

• SUS requirements taken from 
SUS DRD document T010007-02

Picture in here

CTorrie and M P-Lloyd
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)

Drawings courtesy of Calum Torrie and GEO600

 

Suspensions material from N. Robertson, GEO600, and the SUS team
Pendulum Suspension

Multiple-pendulums 
for control flexibility & 
seismic attenuation

Each stage gives ~1/f2  
isolation above the  
natural frequency.
  More that 1e6 at 10 Hz. 
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Suspensions material from N. Robertson, GEO600, and the SUS team
Pendulum Suspension

Test masses: 
Synthetic fused silica, 
40 kg, 34 cm dia.
   » Q ≥ 1e7
   » low optical absorption

Final suspensions are fused silica,
joined to form monolithic final stages.

Thermal vibrations at the optical surface set the 
performance limit of the suspension.

Multiple-pendulums 
for control flexibility & 
seismic attenuation

Each stage gives ~1/f2  
isolation above the  
natural frequency.
  More that 1e6 at 10 Hz. 
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Multiple-pendulums 
for control flexibility & 
seismic attenuation

Each stage gives ~1/f2  
isolation above the  
natural frequency.
 More that 1e6 at 10 Hz. 

Pendulum Suspension
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stage 1
support - stage 0

optics table - stage 2 
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If GS150914 was linearly coupled seismic motion
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The sound of black holes colliding
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review event

show time series
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Initial Masses:  
   29 (+4/-4) & 36 (+5/-4) Msun

Final Mass:
   62 (+4/-4) Msun

Energy radiated
   3 (+0.5/-0.5) Msun c2

Distance
   410 (+160/-180) MPc

Best fit with numerical 
Relativity
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Table 2. Counts and sensitive time-volumes to BBH
mergers estimated under various assumptions. See Sec-
tions 2.1 and 2.2.

⇤ hV T i /Gpc

3

yr

pycbc gstlal pycbc gstlal

GW150914 2.1+4.1
�1.7 3.6+6.9

�2.9 0.130+0.084
�0.051 0.21+0.14

�0.08

LVT151012 2.0+4.0
�1.7 3.0+6.8

�2.7 0.032+0.020
�0.012 0.048+0.031

�0.019

Both 4.5+5.5
�3.1 7.4+9.2

�5.1 · · · · · ·

Astrophysical

Flat

3.2+4.9
�2.4 4.8+7.9

�3.8
0.093+0.060

�0.036 0.150+0.096
�0.059

Power Law 0.031+0.020
�0.012 0.0479+0.031

�0.019

10�1

100

101

102

103

O2 O3O1

Figure 6. Left panel: The median value and 90% credible interval for the expected number of highly significant events
(FARs <1/century) as a function of surveyed time-volume in an observation (shown as a multiple of hV T i0). The
expected range of values of hV T i for the observations in O2 and O3 are shown as vertical bands. Right panel: The
probability of observing N > 0 (blue), N > 5 (green), N > 10 (red), and N > 35 (purple) highly significant events,
as a function of surveyed time-volume. The vertical line and bands show, from left to right, the expected sensitive
time-volume for each of the O1 (dashed line), O2, and O3 observations.

compute the probability of having more than n high-
significance events in a subsequent observation:

p (N > n|⇤0) = exp [�⇤0]
1X

k=n+1

⇤0k

k!
. (21)

Applying Eq. (20), and integrating over our posterior on
⇤ from the analysis in Section 2.1, we obtain the posterior
probability of more than n high-significance events in a
subsequent observation with sensitivity hV T i 0 given our

current observations:

p (N > n| {xj} , hV T i 0) =
Z

d⇤0 d⇤1 p (N > n|⇤0 (⇤1)) p (⇤0, ⇤1| {xj}) . (22)

The right panel of Figure 6 shows this probability for
various values of n and hV T i 0.

The rates presented here are consistent with the theo-
retical expectations detailed in Abadie et al. (2010). See
Abbott et al. (2016b) for a detailed discussion of the im-
plications of our rate estimates for models of the binary
BH population.

GW150914 is unusually significant; only ⇠ 8% of
the astrophysical distribution of sources with a FAR

How many black hole collisions can we see?

1 10 100
how much space can we look at?
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tion period (referred to as LVT151012) was reported on Oc-
tober 12, 2015 at 09:54:43 UTC with a combined matched-
filter SNR of 9.6. The search reported a false alarm rate of 1
per 2.3 years and a corresponding false alarm probability of
0.02 for this candidate event. Detector characterization stud-
ies have not identified an instrumental or environmental arti-
fact as causing this candidate event [14]. However, its false
alarm probability is not sufficiently low to confidently claim
this candidate event as a signal. Detailed waveform analysis of
this candidate event indicates that it is also a binary black hole
merger with source frame masses 23+18

�5 M� and 13+4
�5 M�, if

it is of astrophysical origin.
This paper is organized as follows: Sec. II gives an

overview of the compact binary coalescence search and the
methods used. Sec. III and Sec. IV describe the construction
and tuning of the two independently implemented analyses
used in the search. Sec. V presents the results of the search,
and follow-up of the two most significant candidate events,
GW150914 and LVT151012.

II. SEARCH DESCRIPTION

The binary coalescence search [19–26] reported here tar-
gets gravitational waves from binary neutron stars, binary
black holes, and neutron star–black hole binaries, using
matched filtering [27] with waveforms predicted by general
relativity. Both the PyCBC and GstLAL analyses correlate
the detector data with template waveforms that model the ex-
pected signal. The analyses identify candidate events that are
detected at both observatories consistent with the 10 ms inter-
site propagation time. Events are assigned a detection-statistic
value that ranks their likelihood of being a gravitational-wave
signal. This detection statistic is compared to the estimated
detector noise background to determine the probability that a
candidate event is due to detector noise.

We report on a search using coincident observations be-
tween the two Advanced LIGO detectors [28] in Hanford, WA
(H1) and in Livingston, LA (L1) from September 12 to Octo-
ber 20, 2015. During these 38.6 days, the detectors were in
coincident operation for a total of 18.4 days. Unstable instru-
mental operation and hardware failures affected 20.7 hours
of these coincident observations. These data are discarded
and the remaining 17.5 days are used as input to the analy-
ses [14]. The analyses reduce this time further by imposing
a minimum length over which the detectors must be operat-
ing stably; this is different between the two analysis, as de-
scribed in Sec. III and Sec. IV. After applying this cut, the
PyCBC analysis searched 16 days of coincident data and the
GstLAL analysis searched 17 days of coincident data. To pre-
vent bias in the results, the configuration and tuning of the
analyses were determined using data taken prior to September
12, 2015.

A gravitational-wave signal incident on an interferometer
alters its arm lengths by dLx and dLy, such that their mea-
sured difference is DL(t) = dLx � dLy = h(t)L, where h(t) is
the gravitational-wave metric perturbation projected onto the
detector, and L is the unperturbed arm length [29]. The strain
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FIG. 1. The four-dimensional search parameter space covered by
the template bank shown projected into the component-mass plane,
using the convention m1 > m2. The lines bound mass regions with
different limits on the dimensionless aligned-spin parameters c1 and
c2. Each point indicates the position of a template in the bank. The
circle highlights the template that best matches GW150914. This
does not coincide with the best-fit parameters due to the discrete na-
ture of the template bank.

is calibrated by measuring the detector’s response to test mass
motion induced by photon pressure from a modulated calibra-
tion laser beam [30]. Changes in the detector’s thermal and
alignment state cause small, time-dependent systematic errors
in the calibration [30]. The calibration used for this search
does not include these time-dependent factors. Appendix A
demonstrates that neglecting the time-dependent calibration
factors does not affect the result of this search.

The gravitational waveform h(t) depends on the chirp
mass of the binary, M = (m1m2)3/5/(m1 + m2)1/5 [31, 32],
the symmetric mass ratio h = (m1m2)/(m1 + m2)2 [33],
and the angular momentum of the compact objects c1,2 =
cS1,2/Gm2

1,2 [34, 35] (the compact object’s dimensionless
spin), where S1,2 is the angular momentum of the compact
objects. The effect of spin on the waveform depends also on
the ratio between the component objects’ masses. Parameters
which affect the overall amplitude and phase of the signal as
observed in the detector are maximized over in the matched-
filter search, but can be recovered through full parameter esti-
mation analysis [18]. The search parameter space is therefore
defined by the limits placed on the compact objects’ masses
and spins. The minimum component masses of the search are
determined by the lowest expected neutron star mass, which
we assume to be 1M� [36]. There is no known maximum
black hole mass [37], however we limit this search to bina-
ries with a total mass less than M = m1 + m2  100M�. The
LIGO detectors are sensitive to higher mass binaries, how-
ever; the results of searches for binaries that lie outside this
search space will be reported in future publications.

For binary component objects with masses less than 2M�,
we limit the magnitude of the component object’s spin to 0.05,
the spin of the fastest known pulsar in a double neutron star

(just at the edge…)
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FIG. 7. Left: Search results from the PyCBC analysis. The histogram shows the number of candidate events (orange) and the number of
background events due to noise in the search class where GW150914 was found (black) as a function of the search detection-statistic and
with a bin width of Dr̂c = 0.2. The significance of GW150914 is greater than 5.1 s . The scales immediately above the histogram give the
significance of an event measured against the noise backgrounds in units of Gaussian standard deviations as a function of the detection-statistic.
The black background histogram shows the result of the time-shift method to estimate the noise background in the observation period. The
tail in the black-line background of the binary coalescence search are due to random coincidences of GW150914 in one detector with noise
in the other detector. The significance of GW150914 is measured against the upper gray scale. The purple background histogram is the
background excluding coincidences involving GW150914 and it is the background to be used to assess the significance of the second loudest
event; the significance of this event is measured against the upper purple scale. Right: Search results from the GstLAL analysis. The histogram
shows the observed candidate events (orange) as a function of the detection statistic lnL . The black line indicates the expected background
from noise where zero lag events have been included in the noise background probability density function. The purple line indicates the
expected background from noise where zero lag events have not been included in the noise background probability density function. The
independently-implemented search method and different background estimation method confirms the discovery of GW150914.

Event Time (UTC) FAR (yr�1) F M (M�) m1 (M�) m2 (M�) ceff DL (Mpc)

GW150914
14 September

2015
09:50:45

< 5⇥10�6 < 2⇥10�7

(> 5.1s)
28+2

�2 36+5
�4 29+4

�4 �0.06+0.17
�0.18 410+160

�180

LVT151012
12 October

2015
09:54:43

0.44 0.02
(2.1s)

15+1
�1 23+18

�5 13+4
�5 0.0+0.3

�0.2 1100+500
�500

TABLE I. Parameters of the two most significant events. The false alarm rate (FAR) and false alarm probability (F ) given here were
determined by the PyCBC pipeline; the GstLAL results are consistent with this. The source-frame chirp mass M , component masses m1,2,
effective spin ceff, and luminosity distance DL are determined using a parameter estimation method that assumes the presence of a coherent
compact binary coalescence signal starting at 20 Hz in the data [90]. The results are computed by averaging the posteriors for two model
waveforms. Quoted uncertainties include both the 90% credible interval and an estimate for the 90% range of systematic error determined
from the variance between waveform models. Further parameter estimates of GW150914 are presented in Ref. [18].

r̂L1 = 13.3 are larger than that of any other single-detector
triggers in the analysis; therefore the significance measure-
ment of 5.1s set using the 0.1 s time shifts is a conservative
bound on the false alarm probability of GW150914.

Fig. 8 (right) shows ±5 ms of the GstLAL matched-filter
SNR time series from each detector around the event time to-
gether with the predicted SNR time series computed from the
autocorrelation function of the best fit template. The differ-
ence between the autocorrelation and the observed matched-
filter SNR is used to perform the GstLAL waveform con-
sistency test. The autocorrelation matches the observed

matched-filter SNR extremely well, with consistency test val-
ues of xH1 = 1 and xL1 = 0.7. No other triggers with compa-
rable matched-filter SNR had such low values of the signal-
consistency test during the entire observation period.

Both analyses have shown that the probability that
GW150914 was formed by random coincidence of detec-
tor noise is extremely small. We therefore conclude that
GW150914 is a gravitational-wave signal. To measure the
signal parameters, we use parameter estimation methods that
assume the presence of a coherent coalescing binary signal
in the data from both detectors [18, 90]. Two waveform


