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  Date: Sat, 21 Sep 91 14:37:51 EDT
  From: Rainer Weiss <weiss@tristan.mit.edu>
  To: ballen@dirac.phys.uwm.edu
  Subject: Thank you and some help

  Bruce,
  I have scanned your paper Gravitational Radiation from Cosmic Strings.
  Could you save me some time by giving me the conversion of C_n(omega)
  to h(f) at the earth for obvious practical reasons.
  RW
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  Date: Mon, 14 Oct 91 18:05:48 EDT
  From: Rainer Weiss <weiss@tristan.mit.edu>
  To: ballen@dirac.phys.uwm.edu
  Subject: LIGO sensitivity

  Bruce,
  The phones don't seem to do it, so here is more e mail.
  The LIGO project seems to have made it. The House and Senate reconciliation
  left LIGO with $23.5M for FY 1992. So unless Bush vetoes the appropriations
  bill LIGO will start this year.

  The projected LIGO sensitivity after 10**7 seconds of integration on the
  cross-correlation of two interferometers 

  Initial interferometer 90% confidence limit
  Band 50 to 200 Hz  omega(gw) = 3 x 10**-7

  Second generation interferometer 90% confidence limit
  Band 40 to 100 Hz  omega(gw) = 1 x 10**-10

  Later with dual recycling this may go to omega(gw) = 3 x 10**-11

 RW

3	  weeks	  later…
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Outline

4

• 4	  days	  before	  star5ng	  its	  first	  observa5onal	  run,	  
Advanced	  LIGO	  observed	  a	  strong	  gravita5onal	  
wave	  burst	  

• Source	  unambiguous:	   
merger	  of	  a	  29	  and	  36	  solar	  mass	  BH	  

•What	  did	  we	  see? 
What	  is	  the	  interpreta5on?	  
• How	  can	  we	  be	  sure	  it	  is	  real?	  
•What	  can	  we	  learn?	  

• Prospects	  for	  the	  future
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June	  1916	  
Daraus	  folgt	  dann	  zunächst,	  daß	  sich	  die	  
Gravita9onsfelder	  mit	  Lichtgeschwindigkeit	  
ausbreiten.	  	  Wir	  werden	  im	  Anschluß	  an	  
diese	  allgemeine	  Lösung	  die	  
Gravita9onswellen	  und	  deren	  
Entstehungsweise	  untersuchen.	  

(It	  follows	  that	  the	  gravita9onal	  field	  
propagates	  at	  the	  speed	  of	  light.	  	  In	  
connec9on	  with	  these	  general	  solu9ons,	  
we’ll	  inves9gate	  gravita9onal	  waves	  and	  
their	  sources.)
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Gravita1onal	  Wave	  Detector

L

strain	  h=ΔL/L
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Gravita1onal	  Wave	  Detectors
LIGO	  Livingston 
LIGO	  Hanford 
3000	  km	  apart
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m Most	  sensi5ve	  in	  frequency	  
range	  from	  30	  HZ	  to	  2000	  Hz	  
 
Currently:	  a	  factor	  ~3	  below	  the	  
final	  design	  sensi5vity
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September	  14,	  2015
• 09:50	  UTC 
LIGO	  Hanford,	  WA	  local	  5me	  02:50 
LIGO	  Livingston,	  LA	  local	  5me	  04:50 
AEI,	  Hannover	  Germany	  local	  5me	  11:50	  
• Engineering	  run	  had	  begun	  17	  August,	  for	  calibra5on,	  
injec5on,	  noise	  and	  characterisa5on	  studies	  

• VIRGO	  s5ll	  in	  commissioning/construc5on 
GEO-‐600	  off-‐the-‐air	  (factor	  of	  100	  too	  insensi5ve)	  

• Injec5on	  tests	  included	  some	  simulated	  signals,	  but	  these	  
did	  not	  reproduce	  the	  desired	  waveforms	  because	  there	  was	  
not	  enough	  “actuator	  authority”	  at	  high	  frequencies.	  

• First	  observing	  run	  O1	  (“science	  opera5ons	  mode”)	  
scheduled	  to	  begin	  on	  18	  September	  

• NB:	  Blind	  injec1ons	  were	  only	  planned	  for	  science	  
opera1ons,	  not	  for	  the	  engineering	  run

9
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September	  14,	  2015

• AEI	  Hannover,	  11:50	  on	  Monday	  
morning.	  

• Coherent	  Waveburst	  pipeline	  
running	  at	  Caltech	  
• Event	  database	  had	  ~1000	  entries	  
•Marco	  and	  Andy	  checked	  injec5on	  
flags	  and	  logbooks,	  data	  quality,	  
made	  Qscans	  of	  LHO/LLO	  data	  

• Called	  operators	  at	  the	  two	  sites:	  
“everyone’s	  gone	  home”	  

• At	  12:54,	  Marco	  sent	  an	  email	  to	  
the	  collabora5on,	  asking	  for	  
confirma5on	  that	  it’s	  not	  a	  
hardware	  injec5on.	  
• Next	  hours:	  flurry	  of	  emails,	  
decision	  to	  lock	  down	  sites,	  freeze	  
instrument	  state

10

  

We were the first to see the event! 

Andy Lundgren Marco Drago

September 14

~11:30 AM CET

(Event occurred at 10:50 AM)  

Marco	  Drago Andrew	  Lundgren
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The	  Data

• Bandpass	  filtered	  35-‐350	  
Hz,	  some	  instrumental	  
and	  calibra5on	  lines	  
removed	  

• Hanford	  inverted,	  shiled	  
7.1	  ms	  earlier	  

• Signal	  visible	  ~200	  ms

11
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Interpreta1on
• Oscilla5ons	  =>	  orbital	  mo5on	  
• Newtonian	  approxima5on	  => 
 

• Chirp	  mass	  M ~	  30	  M⦿	  

• If	  equal:	  m1	  =	  m2	  ~	  35	  M⦿ 

=>	  	  Schwarzschild	  radii:	  103km	  	  

• At	  peak	  fGW	  =	  150	  Hz,	  orbital	  frequency	  
=	  75	  Hz	  	  separa5on	  of	  Newtonian	  point	  
masses	  346km	  
• Ordinary	  stars	  are	  106	  km	  in	  size,	  white	  
dwarfs	  are	  104	  km.	  
• Neutron	  stars	  not	  possible:  
m1	  =	  4	  M⦿ 	  =>	  m2=600	  M⦿ 
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LIGO-P150914-v12

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full band-
width 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 Kep-
lerian effective black hole separation in units of Schwarzschild
radii (R

S

= 2GM/c2) and the effective relative velocity given
by the post-Newtonian parameter v/c = (GM⇡f/c3)1/3, where
f is the gravitational-wave frequency calculated with numerical
relativity and M is the total mass (value from Table I).

At the lower frequencies, such evolution is characterized
by the chirp mass [46]

M =
(m1m2)3/5

(m1 +m2)1/5
=

c3

G


5

96
⇡�8/3f�11/3ḟ

�3/5

,

where f and ḟ are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and ḟ from the data in Fig. 1
we obtain a chirp mass of M ' 30M�, implying that the
total mass M = m1 + m2 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 fre-
quency 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. Further-
more, the decay of the waveform after it peaks is consis-
tent 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 param-
eters.

Detectors — Gravitational-wave astronomy exploits multi-
ple, widely separated detectors to distinguish gravitational
waves from local instrumental and environmental noise, to
provide source sky localization from relative arrival times,
and to measure wave polarizations. The LIGO sites each
operate a single Advanced LIGO detector [32], a modi-
fied Michelson interferometer (see Fig. 3) that measures
gravitational-wave strain as a difference in length of its or-
thogonal arms. Each arm is formed by two mirrors, act-
ing as test masses, separated by L

x

= L
y

= L = 4 km.
A passing gravitational wave effectively alters the arm
lengths such that the measured difference is �L(t) =
�L

x

� �L
y

= h(t)L, where h is the gravitational-wave
strain amplitude projected onto the detector. This differ-
ential length variation alters the phase difference between
the two light fields returning to the beamsplitter, transmit-
ting 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 mir-
rors, that multiplies the effect of a gravitational wave on
the light phase by a factor of 300 [48]. Second, a partially
transmissive power-recycling mirror at the input provides
additional resonant buildup of the laser light in the interfer-
ometer as a whole [49, 50]: 20 W of laser input is increased
to 700 W incident on the beamsplitter, which is further in-
creased to 100 kW circulating in each arm cavity. Third,
a partially transmissive signal-recycling mirror at the out-
put optimizes the gravitational-wave signal extraction by
broadening the bandwidth of the arm cavities [51, 52].
The interferometer is illuminated with a 1064-nm wave-
length Nd:YAG laser, stabilized in amplitude, frequency,
and beam geometry [53, 54]. The gravitational-wave sig-
nal is extracted at the output port using homodyne read-
out [55].

These interferometry techniques are designed to maxi-
mize the conversion of strain to optical signal, thereby min-
imizing the impact of photon shot noise (the principal noise
at high frequencies). High strain sensitivity also requires
that the test masses have low displacement noise, which
is achieved by isolating them from seismic noise (low fre-
quencies) and designing them to have low thermal noise
(mid frequencies). Each test mass is suspended as the final
stage of a quadruple pendulum system [56], supported by
an active seismic isolation platform [57]. These systems
collectively provide more than 10 orders of magnitude of

3

Only	  black	  holes 
are	  sufficiently 

	  massive	  and	  compact!
. P. C. Peters, Phys. Rev. 136, B1224 (1964); 

Blanchet, Damour, Iyer, Will and Wisema, Phys. Rev. Lett. 74, 3515 (1995).   



Residuals	  a_er	  subtrac1ng	  
a	  best-‐fit	  waveform
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Time/Frequency	  Plots

• Right:	  The	  Event	  
• Lel:	  a	  best-‐fit	  waveform	  model	  added	  0.6	  seconds	  
before	  The	  Event
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Hanford Livingston
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Residuals	  in	  Time/Frequency

• Here	  the	  best-‐fit	  waveform	  is	  subtracted	  from	  the	  
data	  streams

15

Hanford Livingston
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Real?	  Or	  a	  detector	  ar1fact?
• Instruments	  were	  in	  normal	  opera5on	  and	  
stable	  since	  September	  12th	  (apart	  from	  
deliberate	  interven5on)	  

• Last	  scien5sts	  lel	  the	  sites	  about	  2	  hours	  
(LHO)	  and	  15	  minutes	  (LLO)	  before	  the	  event.	  	  
Only	  operators	  on	  duty.	  
•Waveform	  does	  not	  resemble	  any	  known	  
instrumental	  glitches	  or	  artefacts	  
• Suscep5bility	  to	  radio,	  acous5c,	  magne5c,	  
seismic	  and	  other	  external	  disturbances	  
measured.	  These	  external	  disturbances	  are	  
monitored:	  can	  not	  explain	  more	  than	  6%	  of	  
the	  observed	  GW	  amplitude	  

•Was	  not	  an	  accidental	  or	  malicious	  hardware	  
injec5on:	  recorded	  control	  loop	  signals	  permit	  
reconstruc5on	  of	  the	  actuators:	  no	  fake	  signal	  
was	  added

16

Robert	  Schofield	  and	  Anamaria	  Effler,	  
departed	  the	  LLO	  site	  at	  04:35am 
15	  minutes	  before	  the	  event

Stefan	  Ballmer	  and	  Evan	  Hall,	  
departed	  the	  LHO	  site	  soon	  aler	  
midnight,	  2	  hours	  before	  the	  event
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Op1mal	  Filtering
• Filter	  data	  through	  model	  waveforms	  

• Waveforms	  grouped	  by	  mass	  into	  3	  
classes,	  relevant	  one	  is	  blue.	  	  Grid	  of	  
template	  waveforms	  in	  parameter	  space.	  

• Compute	  op5mal	  sta5s5c	  signal-‐to-‐noise	  
ra5o	  (SNR)	  ρ	  

• Normalised	  so	  the	  expected/average	  
value	  of	  ρ2 is 2.

• Large ρ2=> strong signal present
• ρ2 also divided by a 𝜒2

 factor which 
reduces it if signal does not 
resemble template. 

• Triggers at two sites must be in 
the same template, within 15 
msec

• Final ranking statistic is 
quadrature sum of SNR at both 
sites
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transient search is used in this analysis.
Of the 17.5 days of data that are used as input to the anal-

ysis, the PyCBC analysis discards times for which either of
the LIGO detectors is in their observation state for less than
2064 s; shorter intervals are considered to be unstable detec-
tor operation by this analysis and are removed from the ob-
servation time. After discarding time removed by data-quality
vetoes and periods when detector operation is considered un-
stable the observation time remaining is 16 days.

For each template h(t) and for the strain data from a sin-
gle detector s(t), the analysis calculates the square of the
matched-filter SNR defined by [12]

r

2(t) ⌘ 1
hh|hi

⇥
hs|hci2(t)+ hs|hsi2(t)

⇤
, (1)

where the correlation is defined by

hs|hi(t) = 4
Z •

0

s̃( f )h̃⇤( f )
Sn( f )

e2pi f t d f , (2)

where hc and hs are the orthogonal sine and cosine parts of the
template and s̃( f ) is the Fourier transform of the time domain
quantity s(t) given by

s̃( f ) =
Z •

�•
s(t)e�2pi f t dt. (3)

The quantity Sn(| f |) is the one-sided average power spec-
tral density of the detector noise, which is re-calculated ev-
ery 2048 s (in contrast to the fixed spectrum used in template
bank construction). Calculation of the matched-filter SNR in
the frequency domain allows the use of the computationally
efficient Fast Fourier Transform [79, 80]. The square of the
matched-filter SNR in Eq. (1) is normalized by

hh|hi = 4
Z •

0

h̃( f )h̃⇤( f )
Sn( f )

d f , (4)

so that its mean value is 2, if s(t) contains only stationary
noise [81].

Non-Gaussian noise transients in the detector can produce
extended periods of elevated matched-filter SNR that increase
the search background [4]. To mitigate this, a time-frequency
excess power (burst) search [82] is used to identify high-
amplitude, short-duration transients that are not flagged by
data-quality vetoes. If the burst search generates a trigger with
a burst SNR exceeding 300, the PyCBC analysis vetoes these
data by zeroing out 0.5s of s(t) centered on the time of the
trigger. The data is smoothly rolled off using a Tukey window
during the 0.25 s before and after the vetoed data. The thresh-
old of 300 is chosen to be significantly higher than the burst
SNR obtained from plausible binary signals. For comparison,
the burst SNR of GW150914 in the excess power search is
⇠ 10. A total of 450 burst-transient vetoes are produced in
the two detectors, resulting in 225 s of data removed from the
search. A time-frequency spectrogram of the data at the time
of each burst-transient veto was inspected to ensure that none
of these windows contained the signature of an extremely loud
binary coalescence.

(a) H1, 16 c

2 bins (b) H1, optimized c

2 bins

(c) L1, 16 c

2 bins (d) L1, optimized c

2 bins

FIG. 4. Distributions of noise triggers over re-weighted SNR r̂ ,
for Advanced LIGO engineering run data taken between September
2 and September 9, 2015. Each line shows triggers from templates
within a given range of gravitational-wave frequency at maximum
strain amplitude, fpeak. Left: Triggers obtained from H1, L1 data re-
spectively, using a fixed number of p = 16 frequency bands for the c

2

test. Right: Triggers obtained with the number of frequency bands
determined by the function p = d0.4( fpeak/Hz)2/3e. Note that while
noise distributions are suppressed over the whole template bank with
the optimized choice of p, the suppression is strongest for templates
with lower fpeak values. Templates that have a fpeak < 220Hz pro-
duce a large tail of noise triggers with high re-weighted SNR even
with the improved c

2-squared test tuning, thus we separate these
templates from the rest of the bank when calculating the noise back-
ground.

The analysis places a threshold of 5.5 on the single-detector
matched-filter SNR and identifies maxima of r(t) with respect
to the time of arrival of the signal. For each maximum we
calculate a chi-squared statistic to determine whether the data
in several different frequency bands are consistent with the
matching template [15]. Given a specific number of frequency
bands p, the value of the reduced c

2
r is given by

c

2
r =

p
2p�2

p

Â
i=1

✓
ri �

r

p

◆2
, (5)

where ri is the matched-filter SNR of the template in the i-
th frequency band. Values of c

2
r near unity indicate that the
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SNR obtained from plausible binary signals. For comparison,
the burst SNR of GW150914 in the excess power search is
⇠ 10. A total of 450 burst-transient vetoes are produced in
the two detectors, resulting in 225 s of data removed from the
search. A time-frequency spectrogram of the data at the time
of each burst-transient veto was inspected to ensure that none
of these windows contained the signature of an extremely loud
binary coalescence.
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FIG. 4. Distributions of noise triggers over re-weighted SNR r̂ ,
for Advanced LIGO engineering run data taken between September
2 and September 9, 2015. Each line shows triggers from templates
within a given range of gravitational-wave frequency at maximum
strain amplitude, fpeak. Left: Triggers obtained from H1, L1 data re-
spectively, using a fixed number of p = 16 frequency bands for the c
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test. Right: Triggers obtained with the number of frequency bands
determined by the function p = d0.4( fpeak/Hz)2/3e. Note that while
noise distributions are suppressed over the whole template bank with
the optimized choice of p, the suppression is strongest for templates
with lower fpeak values. Templates that have a fpeak < 220Hz pro-
duce a large tail of noise triggers with high re-weighted SNR even
with the improved c

2-squared test tuning, thus we separate these
templates from the rest of the bank when calculating the noise back-
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The analysis places a threshold of 5.5 on the single-detector
matched-filter SNR and identifies maxima of r(t) with respect
to the time of arrival of the signal. For each maximum we
calculate a chi-squared statistic to determine whether the data
in several different frequency bands are consistent with the
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transient search is used in this analysis.
Of the 17.5 days of data that are used as input to the anal-

ysis, the PyCBC analysis discards times for which either of
the LIGO detectors is in their observation state for less than
2064 s; shorter intervals are considered to be unstable detec-
tor operation by this analysis and are removed from the ob-
servation time. After discarding time removed by data-quality
vetoes and periods when detector operation is considered un-
stable the observation time remaining is 16 days.

For each template h(t) and for the strain data from a sin-
gle detector s(t), the analysis calculates the square of the
matched-filter SNR defined by [12]
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so that its mean value is 2, if s(t) contains only stationary
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Non-Gaussian noise transients in the detector can produce
extended periods of elevated matched-filter SNR that increase
the search background [4]. To mitigate this, a time-frequency
excess power (burst) search [82] is used to identify high-
amplitude, short-duration transients that are not flagged by
data-quality vetoes. If the burst search generates a trigger with
a burst SNR exceeding 300, the PyCBC analysis vetoes these
data by zeroing out 0.5s of s(t) centered on the time of the
trigger. The data is smoothly rolled off using a Tukey window
during the 0.25 s before and after the vetoed data. The thresh-
old of 300 is chosen to be significantly higher than the burst
SNR obtained from plausible binary signals. For comparison,
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⇠ 10. A total of 450 burst-transient vetoes are produced in
the two detectors, resulting in 225 s of data removed from the
search. A time-frequency spectrogram of the data at the time
of each burst-transient veto was inspected to ensure that none
of these windows contained the signature of an extremely loud
binary coalescence.
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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

Fourier	  Transform

SNR

Inner	  product

Normalisa1on



DAMTP	  17.2.2016

False	  Alarm	  Probabilty
• To	  avoid	  sta5s5cal	  bias,	  tuning	  carried	  out	  
before	  discovery,	  with	  pre-‐discovery	  data	  

• Orange	  squares:	  highest	  SNR	  events	  in	  the	  
first	  16	  days	  of	  data	  collected	  (12	  Sept	  -‐	  
20	  Oct)	  

• Es5mate	  background	  by	  shiling	  
instrumental	  data	  in	  5me	  at	  one	  site	  in	  
0.1	  second	  increments	  (>>	  10	  msec	  light-‐
travel	  5me)	  approximately	  2x10

6
	  5mes.	  

• 	  Generate	  608,000	  years	  of	  “ar5ficial”	  
data,	  search	  for	  events	  

• Including	  trials	  factor,	  false	  alarm	  rate	  <	  1	  
in	  203,000	  years	  

• For	  a	  Gaussian	  process,	  this	  is	  >	  5.1σ
• Real	  false	  alarm	  rate	  much	  less!	  We	  got	  
lucky,	  could	  have	  confidently	  detected	  
this	  at	  ~twice	  the	  distance.
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What	  can	  we	  infer	  about	  system?

• Edge-‐on	  orienta5on	  of	  the	  orbital	  plane:	  only	  one	  polarisa5on,	  both	  detectors	  would	  see	  this	  
(with	  projec5on	  cosine,	  depending	  upon	  orienta5on)	  

• Face-‐on/off	  orienta5on:	  two	  polarisa5ons,	  detectors	  see	  different	  linear	  combina5ons	  (but	  same	  
total	  amplitude)	  

• Face-‐on/off	  orienta5on	  is	  ab	  ini5o	  more	  likely	  than	  edge-‐on:	  face-‐on/off,	  because	  it	  has	  unit	  
projec5on	  onto	  detector	  arms	  =>	  stronger	  signal.	  	  (NB:	  this	  statement	  is	  independent	  of	  the	  data!)
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Orbital	  plane	  face-‐on	  
(GWs	  have	  circular	  polarisa5on)

Orbital	  plane	  edge-‐on	  
(GWs	  have	  linear	  polarisa5on)
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What	  would	  polarisa1on	  look	  like?

• If	  detectors	  are	  seeing	  dis5nct	  polarisa5ons,	  one	  
phase	  leads	  the	  other	  by	  90	  degrees	  

• Aler	  “lining	  up”	  arrival	  5mes,	  would	  look	  like	  above	  

• Edge-‐on:	  one	  polarisa5on,	  signals	  always	  in	  phase	  
• Face-‐on:	  two	  polarisa5ons,	  phase	  shil	  possible

20

Hanford	  
Livingston

5me

st
ra
in



DAMTP	  17.2.2016

Weak	  evidence	  for	  face-‐off	  

• The	  slight	  phase	  shil	  suggests	  
face-‐off	  is	  more	  likely	  (79%)	  than	  
face-‐on	  (21%)	  

• Edge-‐on	  unlikely	  because	  
expected	  signal	  would	  be	  
weaker,	  NOT	  based	  on	  data.
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Other	  Parameters	  (in	  source	  frame)
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nonetheless effectively recover systems with misaligned
spins in the parameter region of GW150914 [44]. Approx-
imately 250,000 template waveforms are used to cover this
parameter space.

The search calculates the matched-filter signal-to-noise
ratio ⇢(t) for each template in each detector and identi-
fies maxima of ⇢(t) with respect to the time of arrival
of the signal [79–81]. For each maximum we calcu-
late a chi-squared statistic �2

r

to test whether the data in
several different frequency bands are consistent with the
matching template [82]. Values of �2

r

near unity indicate
that the signal is consistent with a coalescence. If �2

r

is
greater than unity, ⇢(t) is re-weighted as ⇢̂ = ⇢/[(1 +
(�2

r

)3)/2]1/6 [83, 84]. The final step enforces coincidence
between detectors by selecting event pairs that occur within
a 15ms window and come from the same template. The
15ms window is determined by the 10ms inter-site propa-
gation time plus 5ms for uncertainty in arrival time of weak
signals. We rank coincident events based on the quadrature
sum ⇢̂

c

of the ⇢̂ from both detectors [43].
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 tem-
plate length. The right panel of Fig. 4 shows the back-
ground for the search class of GW150914. The GW150914
detection-statistic value of ⇢̂

c

= 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 yrs. This translates to a false alarm
probability < 2⇥ 10�7, corresponding to 5.1�.

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 grav-
itational wave signal, as for GW150914, the background
used to determine the significance of other events is re-
estimated 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 sig-
nificant 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 astro-
physical in origin it is also a binary black hole [44].

Source discussion — The matched filter search is opti-
mized for detecting signals, but it provides only approxi-
mate estimates of the source parameters. To refine them we
use general relativity-based models that include precessing
spins [77, 78, 89, 90], and for each model perform a co-
herent Bayesian analysis to derive posterior distributions

TABLE I. Source parameters for GW150914. We report me-
dian values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of dif-
ferent waveform models. Masses are given in the source frame,
to convert to the detector frame multiply by (1 + z) [87]. The
source redshift assumes standard cosmology [88].

Primary black hole mass 36+5
�4 M�

Secondary black hole mass 29+4
�4 M�

Final black hole mass 62+4
�4 M�

Final black hole spin 0.67+0.05
�0.07

Luminosity distance 410+160
�180 Mpc

Source redshift, z 0.09+0.03
�0.04

of the source parameters [91]. 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 max-
imally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [38]. The parameter uncertainties include sta-
tistical errors, and systematic errors from averaging the re-
sults 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 lumi-
nosity [38]. The estimated total energy radiated in gravita-
tional waves is 3.0+0.5

�0.5 M�c2. The system reached a peak
gravitational-wave luminosity of 3.6+0.5

�0.4 ⇥ 1056 erg/s,
equivalent to 200+30

�20 M�c2/s.
Several analyses have been performed to determine

whether or not GW150914 is consistent with a binary black
hole system in general relativity [94]. A first consistency
check involves the mass and spin of the final black hole.
In general relativity, the end product of a black hole binary
coalescence is a Kerr black hole, which is fully described
by its mass and spin. For quasicircular inspirals, these are
predicted uniquely by Einstein’s equations as a function of
the masses and spins of the two progenitor black holes. Us-
ing fitting formulae calibrated to numerical relativity sim-
ulations [92], we verified that the remnant mass and spin
deduced from the early stage of the coalescence and those
inferred independently from the late stage are consistent
with each other, with no evidence for disagreement from
general relativity.

Within the Post-Newtonian formalism, the phase of
the gravitational waveform during the inspiral can be ex-
pressed as a power-series in f1/3. The coefficients of this
expansion can be computed in general relativity. Thus we
can test for consistency with general relativity [95, 96] by
allowing the coefficients to deviate from the nominal val-
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of the ⇢̂ from both detectors [43].
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 tem-
plate length. The right panel of Fig. 4 shows the back-
ground for the search class of GW150914. The GW150914
detection-statistic value of ⇢̂

c

= 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 yrs. This translates to a false alarm
probability < 2⇥ 10�7, corresponding to 5.1�.

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 grav-
itational wave signal, as for GW150914, the background
used to determine the significance of other events is re-
estimated 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 sig-
nificant 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 astro-
physical in origin it is also a binary black hole [44].

Source discussion — The matched filter search is opti-
mized for detecting signals, but it provides only approxi-
mate estimates of the source parameters. To refine them we
use general relativity-based models that include precessing
spins [77, 78, 89, 90], and for each model perform a co-
herent Bayesian analysis to derive posterior distributions

TABLE I. Source parameters for GW150914. We report me-
dian values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of dif-
ferent waveform models. Masses are given in the source frame,
to convert to the detector frame multiply by (1 + z) [87]. The
source redshift assumes standard cosmology [88].

Primary black hole mass 36+5
�4 M�

Secondary black hole mass 29+4
�4 M�

Final black hole mass 62+4
�4 M�

Final black hole spin 0.67+0.05
�0.07

Luminosity distance 410+160
�180 Mpc

Source redshift, z 0.09+0.03
�0.04

of the source parameters [91]. 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 max-
imally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [38]. The parameter uncertainties include sta-
tistical errors, and systematic errors from averaging the re-
sults 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 lumi-
nosity [38]. The estimated total energy radiated in gravita-
tional waves is 3.0+0.5

�0.5 M�c2. The system reached a peak
gravitational-wave luminosity of 3.6+0.5

�0.4 ⇥ 1056 erg/s,
equivalent to 200+30

�20 M�c2/s.
Several analyses have been performed to determine

whether or not GW150914 is consistent with a binary black
hole system in general relativity [94]. A first consistency
check involves the mass and spin of the final black hole.
In general relativity, the end product of a black hole binary
coalescence is a Kerr black hole, which is fully described
by its mass and spin. For quasicircular inspirals, these are
predicted uniquely by Einstein’s equations as a function of
the masses and spins of the two progenitor black holes. Us-
ing fitting formulae calibrated to numerical relativity sim-
ulations [92], we verified that the remnant mass and spin
deduced from the early stage of the coalescence and those
inferred independently from the late stage are consistent
with each other, with no evidence for disagreement from
general relativity.

Within the Post-Newtonian formalism, the phase of
the gravitational waveform during the inspiral can be ex-
pressed as a power-series in f1/3. The coefficients of this
expansion can be computed in general relativity. Thus we
can test for consistency with general relativity [95, 96] by
allowing the coefficients to deviate from the nominal val-

7

• Bayes’	  theorem:	  mul5ply	  a	  prior	  probability	  distribu5on	  (uninformed)	  by	  likelihood	  that 

(data)	  -‐	  (signal	  model)	  is	  consistent	  with	  pure	  detector	  noise.	  

• Waveforms	  are	  analy5c	  models,	  tuned	  to	  match	  numerical	  solu5ons	  of	  GR	  	  

• Radiated energy 3M⦿ (±0.5)

• Peak luminosity 3.6 x 10
56

 erg/s (±  ~15%): 200 solar masses per second!

• Spins s1 and s2 only weakly constrained: not extreme.  Consistent with 
merger of two non-spinning black holes.
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Gravitational Radiation from Colliding Black Holes

S. W. Hawking
Institute of Theoretical Astronomy, University of Cambridge, Cambridge, England

(Received 11 March 1971)

It is shown that there is an upper bound to the energy of the gravitational radiation
emitted when one collapsed object captures another. In the case of two objects with
equal masses m and zero intrinsic angular momenta, this upper bound is (2-W2) m.

Weber' ' has recently reported coinciding mea-
surements of short bursts of gravitational radia-
tion at a frequency of 1660 Hz. These occur at a
rate of about one per day and the bursts appear
to be coming from the center of the galaxy. It
seems likely'4 that the probability of a burst
causing a coincidence between %eber's detectors
is less than, . If one allows for this and assumes
that the radiation is broadband, one finds that the
energy flux in gravitational radiation must be at
least 10'c erg/cm' day. 4 This would imply a
mass loss from the center of the galaxy of about
20 000M o/yr. It is therefore possible that the
mass of the galaxy might have been considerably
higher in the past than it is now. ' This makes it
important to estimate the efficiency with which
rest-mass energy can be converted into gravita-
tional radiation. Clearly nuclear reactions are
insufficient since they release only about 1% of
the rest mass. The efficiency might be higher
in either the nonspherical gravitational collapse
of a star or the collision and coalescence of two

collapsed objects. Up to now no limits on the ef-
ficiency of the processes have been known. The
object of this Letter is to show that there is a
limit for the second process. For the case of
two colliding collapsed objects, each of mass m
and zero angular momentum, the amount of ener-
gy that can be carried away by gravitational or
any other form of radiation is less than (2-v 2)m.
I assume the validity of the Carter-Israel con-

jucture'' that the metric outside a collapsed ob-
ject settles down to that of one of the Kerr family
of solutions' with positive mass m and angular
momentum a per unit mass less than or equal to
m. (I am using units in which G=c =1.) Each of
these solutions contains a nonsingular event hori-
zon, two-dimensional sections of which are topo-
graphically spheres with area'

8wm[m+(m a) ' ]. -
The event horizon is the boundary of the region
of space-time from which particles or photons
can escape to infinity. I shall consider only

1344
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• Plug	  in	  m1,	  m2,	  mf	  and	  sf:	  it’s	  sa5sfied!	  

• Problem:	  most	  of	  the	  SNR	  is	  before	  
the	  merger,	  so	  only	  values	  of	  m1,	  m2	  
are	  determined	  independently.	  The	  
value	  of	  mf	  and	  sf	  are	  determined	  by	  
numerical	  rela5vity	  (which	  gives	  the	  
matching	  waveforms).	  GUARANTEED	  
to	  sa5sfy	  the	  area	  theorem,	  because	  
the	  numerical	  solu5on	  sa5sfies	  
Einstein's	  equa5ons.	  

For	  this	  event,	  the	  area	  theorem	  is	  
being	  tested	  by	  the	  code	  that's	  solving	  
Einstein	  equa1ons,	  not	  by	  Nature.
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How	  to	  test	  the	  Area	  Theorem
• Star5ng	  10M-‐20M	  aler	  the	  
peak/merger,	  waveform	  
described	  by	  sum	  of	  quasi-‐
normal	  modes 

• Low	  spin:	  dominant	  mode	  220	  

• For	  GW150914,	  10M	  =	  3.3	  msec	  
~	  one	  cycle	  aler	  peak	  

• From	  frequency	  f	  and	  damping	  
5me	  𝜏	  determine	  mass	  M	  and	  
spin	  s

25
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How	  to	  test	  the	  Area	  Theorem

• Doted	  lines	  show	  10M	  (3.3	  
msec)	  and	  20M	  (6.6	  msec)	  
aler	  the	  peak	  for	  GW150914	  

• A	  ringdown	  matched	  filter	  
has	  almost	  no	  SNR	  lel	  

• Can	  not	  find	  mf	  and	  sf	  
accurately	  enough	  to	  test	  the	  
area	  theorem

26
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FIG. 11: Output of a matched ringdown filter, using the GW150914 data. The horizontal axis is GPS time at Hanford detector
(o↵set 1126259462 seconds). The black curve shows the GW strain at the LIGO Hanford detector, filtered through a zero-phase
bandpass filter from 20-400 Hz, with some instrumental and calibration lines removed. The red curve shows the corresponding
strain at LIGO Livingston, shifted forward in time by 7.141 milliseconds to account for the time-of-flight delays. The top
(green) curve shows the Signal-to-Noise ratio (SNR) as a function of the start time of the filter template shown in Figure 10.
The ringdown filter is strongly excited by the first two cycles after the GW peak amplitude. The vertical dotted lines are
located at the GW peak amplitude, one cycle after that, and two cycles after that. One can see that the SNR of a putative
ringdown (intersection of green curve with the rightmost vertical dotted line) is of order ⇡ 2. This is not statistically significant.

This shows that we do expect the ringdown to have a damping time roughly equal to the period of oscillation. This
is exactly what is seen in the waveform.
In physical terms, we would expect the coalescence of two black holes of comparable mass to result in a spinning,

elongated (quadrupolar) body. Using standard spherical-coordinate quantum numbers, this would strongly excite the
` = 2, m = 2 mode of the system. From Table II in [9] the leading harmonic of this mode for a Kerr black hole with
spin parameter a = 0.7 is M! = 0.5326 + 0.0808i, which gives a ringdown frequency

f

ringdown

(` = 2,m = 2, n = 0, a = 0.7) ⇡ 245 Hz

✓
70M�

M

◆
. (24)

This also gives a damping time

⌧

damp

= 0.00427 seconds

✓
M

70M�

◆
⇠ 1

f

ringdown

. (25)

In other words, the signal in the data is fully consistent with the final object being a Kerr black hole with a dimen-
sionless spin parameter a ⇠ 0.7 and a mass M ⇠ 70M� .

IX. OLD, SOMEWHAT WRONG - USES SCHWARZSCHILD RADIUS AND ISCO (BOTH ARE
IRRELEVANT)

First, we use the test-particle limit around a Schwarzschild BH: as the mass ratio increases, m
2

gets smaller and
m

1

grows. One then approaches a system in which the smaller mass m

2

orbits the larger one m

1

. The larger mass

9
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FIG. 4. We show the posterior 90% confidence regions from
Bayesian parameter estimation for a damped-sinusoid model, assum-
ing di↵erent start-times t0 = tM + 1, 3, 5, 7 ms, labeled by o↵set from
the merger time tM of the most-probable waveform from GW150914.
The black solid line shows contours of 90% confidence region for the
frequency f0 and decay time ⌧ of the ` = 2, m = 2 and n = 0 (i.e.,
the least damped) QNM obtained from the inspiral-merger-ringdown
waveform for the entire detector’s bandwidth.

ringdown signal. It confirms the expected behavior: the in-
tersection of the inspiral and post-inspiral 90% confidence re-
gions (defined by the isoprobability contours that enclose 90%
of the posterior) contain the inspiral-merger-ringdown 90%
confidence region. We have verified that these conclusions
are not a↵ected by the specific formula [38, 57, 60] used to
predict Mf and a f , nor by the choice of f end insp

GW within a few
cycles of the waveform’s peak.

To assess the significance of our findings more quantita-
tively, we define parameters �Mf /Mf and �a f /a f that de-
scribe the fractional di↵erence in the two estimates of the final
mass and spin [58]. In the bottom panel of Fig. 3 we show
their joint posterior distribution; the solid line marks the iso-
probability contour that contains 90% of the posterior. The
plus symbol indicates the null (0, 0) result expected in GR,
which lies on the isoprobability contour that encloses 28% of
the posterior. We have checked that when performing anal-
yses of NR signals added to LIGO instrumental noise, the
null (0, 0) result expected in GR lies within isoprobability con-
tours that encloses 68% of the posterior, roughly 68% of the
time, as expected from random-noise fluctuations. By con-
trast, our test can rule out the null hypothesis (with high statis-
tical significance) when analyzing a simulated signal that re-
flects a significant GR violation in the frequency dependence
of the energy and angular-momentum loss [58], even when we
choose violations which would be too small to be noticeable
in double-pulsar observations [12]. Thus, our inspiral-merger-
ringdown test shows no evidence of discrepancies with the
predictions of GR.

The mass and dimensionless spin of the final black hole im-
plied by formulae obtained from NR simulations together with
the component mass and spin posteriors [3] are 67+4

�4 M� (in

the source frame 62+4
�4 M�) and 0.67+0.05

�0.07 at 90% confidence.
From the posterior distributions of the mass and spin of the
final black hole, we can predict the frequency and decay time
of the least-damped QNM (i.e., the ` = 2,m = 2, n = 0 over-
tone) [61]. We find f QNM

220 = 251+8
�8 Hz and ⌧QNM

220 = 4.0+0.3
�0.3 ms

at 90% confidence.
Testing for the least-damped QNM in the data. We per-

form a test to check the consistency of the data with the pre-
dicted least-damped QNM of the remnant black hole. For
this purpose we compute the Bayes factor between a damped-
sinusoid waveform model and Gaussian noise, and estimate
the corresponding parameter posteriors. The signal model
used is h(t � t0) = A e�(t�t0)/⌧ cos

⇥
2⇡ f0 (t � t0) + �0

⇤
, h(t <

t0) = 0, with fixed starting time t0, and uniform priors over
the unknown frequency f0 2 [200, 300] Hz and damping time
⌧ 2 [0.5, 20] ms. The prior on amplitude A and phase �0 is
chosen as a two-dimensional Gaussian isotropic prior in {As ⌘
�A sin �0, Ac ⌘ A cos �0} with a characteristic scale H, which
is in turn marginalized over the range H 2 [2, 10]⇥10�22 with
a prior / 1/H. This is a practical choice that encodes relative
ignorance about the detectable damped-sinusoid amplitude in
this range.

We compute the Bayes factor and posterior estimates of
{ f0, ⌧} as a function of the unknown QNM start-time t0, which
we parameterize as an o↵set from a fiducial GPS merger time3

tM = 1126259462.423 (referring to the GPS arrival time at the
LIGO Hanford site). Figure 4 shows various di↵erent poste-
rior 90% credible contours in { f0, ⌧} as a function of the start-
time o↵set t0�tM from merger, in addition to the least-damped
QNM prediction from GR derived in the previous section.

The 90% posterior contour starts to overlap the GR predic-
tion from the IMR waveform at t0 = tM + 3 ms, or ⇠ 10 M
after merger. The corresponding Bayes factor at this point is
log10 B ⇠ 17 with an SNR in the MAP waveform { f0, ⌧} of
SNR ⇠ 9. At t0 = tM + 5 ms the MAP waveform actually falls
within the (much smaller) IMR prediction uncertainty, and the
Bayes factor is log10 B ⇠ 9 and SNR ⇠ 7. At t0 = tM + 7 ms,
or about 20 M after merger, the posterior uncertainty becomes
quite large, and the Bayes factor drops to log10 B ⇠ 2.6 with
SNR ⇠ 4.4. The signal becomes undetectable shortly there-
after, t0 � tM + 8 ms or so, where B ⇠ 1.

Measuring only the frequency and decay time of one
damped sinusoid in the data does not allow us to conclude
that we have observed the least-damped QNM of the final
black hole. The measured quality factor can be obtained from
several QNMs that have di↵erent black-hole’s spin, harmon-
ics and overtones (see, e.g., Ref. [61] and references therein).
However, the overlap between the 90% posterior contour of
the damped-sinusoid waveform model and the 90% confi-
dence region estimated from the IMR waveform indicates that

3 The merger time is obtained by taking the EOBNR MAP waveform and
lining this waveform up with the data such that the largest SNR is obtained.
The merger time is then defined as the point at which the quadrature sum
of the h+ and h⇥ polarizations is maximum.
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Things	  I	  didn’t	  talk	  about
• Tes5ng	  GR:	  everything	  consistent.	  	  Nice	  limits	  on	  PN	  
parameters.	  

• Upper	  limit	  on	  graviton	  mass	  (dispersion	  of	  the	  vacuum):	  
Compton	  wavelength	  of	  the	  gravi5on	  >	  1013	  km	  

• Astrophysical	  implica5ons:	  metallicity	  during	  star	  forma5on	  
that	  led	  to	  these	  BH	  could	  not	  have	  been	  too	  large	  

• Limit	  on	  the	  rate	  per	  space-‐5me	  volume  
2	  -‐	  400	  per	  cubic	  Gpc	  per	  year  
(broad	  range,	  will	  get	  beter	  in	  coming	  year…)	  

• Stochas5c	  “background”	  from	  more	  distant	  weaker	  
sources:	  poten5ally	  detectable	  when	  we	  reach	  design	  
sensi5vity

27
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Prospects
• Published	  work	  covers	  data	  from	  12	  Sept	  -‐	  20	  Oct	  2015.	  	  	  But	  the	  
observing	  run	  con5nued	  to	  Jan	  12!	  	  	  Maybe	  there	  are	  more…	  

• O2	  run	  will	  start	  in	  September	  2016.	  A	  60%	  sensi5vity	  improvement	  
will	  increase	  observable	  volume	  by	  a	  factor	  of	  4:	  perhaps	  one	  event	  
every	  four	  days:	  10-‐20	  events.	  Adding	  VIRGO	  to	  the	  network	  would	  
increase	  poin5ng	  sensi5vity,	  provide	  polarisa5on	  informa5on	  

• O3	  run	  will	  start	  in	  2017.	  	  Addi5onal	  sensi5vity	  increase:	  one	  event	  
per	  day	  for	  a	  year!	  

• Over	  the	  coming	  several	  years	  we	  will	  know	  the	  mass	  and	  spin	  
distribu5on	  of	  these	  sources	  

• Report	  of	  a	  weak	  gamma-‐ray	  burst	  (GBM	  onboard	  Fermi	  satellite)	  0.4	  
seconds	  aler	  The	  Event	  

• Hope	  to	  get	  at	  least	  one	  event	  strong	  enough	  to	  directly	  determine	  
the	  final	  mass	  and	  spin	  and	  test	  the	  area	  theorem
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up	  your	  home	  and	  office	  computers	  to	  Einstein@Home
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