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Gravita0onal	  Waves	  
A	  consequence	  of	  General	  Rela0vity,	  
Einstein’s	  first	  predic0on	  was	  one	  century	  ago,	  1916	  
“Ripples	  in	  the	  fabric	  of	  space0me”	  that	  carry	  away	  energy	  	  
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What	  Einstein	  Missed	  the	  First	  Time	  

Gravita0onal	  wave	  emission	  doesn’t	  emit	  as	  a	  dipole	  like	  EM	  
	  
Highest	  order	  emission	  is	  quadrupolar	  
This	  means	  you	  need	  asymmetry	  of	  some	  sort	  to	  emit	  GWs	  
It	  also	  means	  GW	  polariza0ons	  “+”	  and	  “x”	  rather	  than	  “-‐”	  and	  “|”	  
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Indirect	  Detec0on	  

Predic0ons	  of	  General	  Rela0vity	  
for	  energy	  carried	  away	  from	  
binary	  pulsar	  systems	  matches	  
observa0ons	  	  
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How	  “Loud”	  Are	  They?	  
•  Amplitude	  is	  described	  by	  dimensionless	  strain:	  stretching	  of	  

space	  h	  =	  ΔL/L	  
•  Back-‐of-‐envelope	  calcula0on:	  

–  Laboratory	  dumbbell	  
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How	  “Loud”	  Are	  They?	  
•  Amplitude	  is	  described	  by	  dimensionless	  strain:	  stretching	  of	  

space	  h	  =	  ΔL/L	  
•  Back-‐of-‐envelope	  calcula0on:	  

–  Laboratory	  dumbbell	  (1	  ton,	  2m,	  1kHz)	  h	  =	  10-‐38	  

–  Binary	  neutron	  star	  system	  (1.4	  MO,	  20km,	  400	  Hz)	  =	  10-‐21	  

	  at	  a	  distance	  of	  15	  Mpc	  

•  So	  the	  search	  for	  gravita0onal	  waves	  requires	  objects	  of	  
astrophysical	  mass,	  and	  even	  then	  is	  a	  hugely	  difficult	  
problem	  
	  
	  	  



Compact	  Binary	  Coalescence	  

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).

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 [30], a modified
Michelson interferometer that measures gravitational-wave

strain as a difference in length of its orthogonal arms. Each
arm is formed by two mirrors, acting as test masses, sepa-
rated byL

x

=L
y

=L= 4 km as shown in Fig. 3. 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 differential length varia-
tion alters the phase difference between the two light fields
returning to the beamsplitter, transmitting an optical signal
proportional to the gravitational-wave strain to the output
photodetector, as shown in Fig. 3.

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 [46]. 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 [47, 48]: 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 [49, 50].
The interferometer is illuminated with a 1064-nm wave-
length Nd:YAG laser, stabilized in amplitude, frequency,
and beam geometry [51, 52]. The gravitational-wave sig-
nal is extracted at the output port using homodyne read-
out [53].

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 [54], supported by
an active seismic isolation platform [55]. These systems
collectively provide more than 10 orders of magnitude of
isolation from ground motion for frequencies above 10 Hz.
Thermal noise is minimized by using low-mechanical-loss
materials in the test masses and their suspensions: the test
masses are 40-kg fused silica substrates with low-loss di-
electric optical coatings [56, 57], and are suspended with
fused silica fibers from the stage above [58].

To minimize additional noise sources, all components
other than the laser source are mounted on vibration iso-
lation stages in ultra-high vacuum. To reduce optical phase
fluctuations caused by Rayleigh scattering, the pressure in
the 1.2-m diameter tubes containing the arm-cavity beams
is maintained below 1µPa.

Servo controls are used to hold the arm cavities on res-
onance [59] and maintain proper alignment of the opti-
cal components [60]. The detector output is calibrated in
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Target	  source	  for	  
GW	  emission	  at	  higher	  
Frequencies	  
	  
Includes	  Neutron	  star	  
and	  black	  hole	  
combina0ons	  
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FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the detector
plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening the
other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector records
these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for most
other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset a: Location and orientation
of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset b: The instrument noise for each detector near the time
of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain amplitude.
The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at lower
frequencies [45]. Narrowband features include calibration lines (33 – 38 Hz, 330 Hz, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

strain by measuring its response to test mass motion in-
duced by photon pressure from a modulated calibration
laser beam [61]. The calibration is established to an uncer-
tainty (1�) of less than 10% in amplitude and 10 degrees
in phase, and is continuously monitored with calibration
laser excitations at selected frequencies. Two alternative
methods are used to validate the absolute calibration, one
referenced to the main laser wavelength and the other to a
radio-frequency oscillator [62]. Additionally, the detector
response to gravitational waves is tested by injecting simu-
lated waveforms with the calibration laser.

To monitor environmental disturbances and their influ-
ence on the detectors, each observatory site is equipped
with an array of sensors: seismometers, accelerometers,
microphones, magnetometers, radio receivers, weather
sensors, AC-power line monitors, and a cosmic-ray detec-
tor [63]. Another ⇠ 105 channels record the interferome-
ter’s operating point and the state of the control systems.

Data collection is synchronized to Global Positioning Sys-
tem (GPS) time to better than 10µs [64]. Timing accuracy
is verified with an atomic clock and a secondary GPS re-
ceiver at each observatory site.

In their most sensitive band, 100 – 300 Hz, the current
LIGO detectors are 3 to 5 times more sensitive to strain
than initial LIGO [65]; at lower frequencies, the improve-
ment is even greater, with more than ten times better sen-
sitivity below 60 Hz. Because the detectors respond pro-
portionally to gravitational-wave amplitude, at low redshift
the volume of space to which they are sensitive increases
as the cube of strain sensitivity. For binary black holes with
masses similar to GW150914, the space-time volume sur-
veyed by the observations reported here surpasses previous
observations by an order of magnitude [66].

Detector validation — Both detectors were in steady state
operation for several hours around GW150914. All perfor-
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Michelson	  interferometers	  on	  two	  sides	  of	  the	  U.S.	  
	  
Six	  science	  runs	  with	  improving	  sensi0vity	  from	  2002	  to	  2010	  

Advanced	  LIGO	  	  
Instruments	  
conducted	  the	  	  1st	  
	  “observing	  run”	  
star0ng	  in	  Sep	  2015	  
with	  triple	  best	  
previous	  sensi0vity	  
	  
They	  weren’t	  on	  for	  
very	  long	  before	  they	  
found….	   10	  



A	  gravita0onal	  wave!	  
On	  September	  14,	  2015	  
9:50:45	  GMT	  a	  signal	  
was	  picked	  up	  by	  the	  two	  
LIGO	  interferometers.	  
	  
An	  online	  search	  for	  
transients	  sent	  an	  alert	  
about	  3	  minutes	  later.	  
	  
Confirmed	  offline	  	  
later	  using	  a	  matched	  
filter	  search	  for	  compact	  
binary	  coalescence	  	  	  
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So	  what	  is	  it?	  

Binary	  coalescence	  of	  two	  black	  holes:	  
 
	  
	  

	   	   	   	   	   	  At	  a	  distance	  of:	  	  
	  
Best	  fit	  parameters	  extracted	  via	  Bayesian	  
analysis	  
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M1 = −4
+536 Mo

M2 = −4
+429 Mo

M final = −4
+462 Mo

−180
+160410 Mpc

z =
−0.04
+0.030.09
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Where	  did	  it	  come	  from?	  

16	  

Localiza0on	  is	  difficult	  
with	  two	  interferometers	  
(think	  ears,	  not	  eyes)	  
	  
We	  can	  constrain	  sky	  
regions	  with	  varying	  	  
degrees	  of	  probability	  



What	  else	  could	  it	  be?	  Random	  Noise?	  
There	  are	  lots	  of	  terrestrial	  sources	  of	  local	  noise,	  inside	  and	  outside	  the	  	  
interferometers.	  	  We	  use	  ar0ficial	  0me	  slides	  to	  measure	  background	  	  
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events in the search class where GW150914 was
found (black lines) as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the significance of
an event in Gaussian standard deviations based on the corresponding noise background . The significance of GW150914 is greater than
5.1 � and 4.6 � for the binary coalescence and the generic transient searches, respectively. (Left): Along with the primary search (C3) we
also show the results (yellow markers) and background (green curve) for an alternative search that treats events independently of their
frequency evolution (C2+C3). The classes C2 and C3 are defined in the text. (Right): The tail in the black-line background of the binary
coalescence search is due to random coincidences of GW150914 in one detector with noise in the other detector. (This type of event
is practically absent in the generic transient search background because they do not pass the time-frequency consistency requirements
used in that search.) The blue curve is the background excluding those coincidences, which is used to assess the significance of the
second strongest event.

its false alarm rate is lower than 1 in 22 500 years. This
corresponds to a probability < 2⇥ 10�6 of observing one
or more noise events during the analysis time as strong as
GW150914, equivalent to 4.6 �. The left panel of Fig. 4
shows the C3 class results and background.

The selection criteria that define the search class C3 in
which GW150914 was found, reduces the background by
introducing a constraint on the signal morphology. In order
to illustrate the significance of GW150914 against a back-
ground of events consistent in both detectors but with arbi-
trary shapes, we also present the results of a search com-
prising only the two search classes C1 and C2+C3. This is
a search that does not have a specific class for events with
increasing frequency. As expected, GW150914 is found
in the C2+C3 class. The left panel of Fig. 4 shows the
C2+C3 class results and background. In the background
of this class there are four events with ⌘

c

� 32.1, yield-
ing a false alarm rate for GW150914 of 1 in 8 400 years.
This corresponds to a false alarm probability of 5 ⇥ 10�6

equivalent to 4.4 �.

For robustness and validation, we also use other generic
transient search algorithms [37]. A different search
[70] and a parameter estimation follow-up [71] detected
GW150914 with consistent significance and signal param-
eters.

Binary coalescence search — This search targets
gravitational-wave emission from binary systems with in-
dividual masses from 1M� to 99M� with total mass less
than 100M� and dimensionless spins up to 0.99 [43]. To
model systems with total mass larger than 4M�, we use
the effective-one-body (EOB) formalism [72], which com-
bines results from the Post-Newtonian approach [73, 74]
with results from black hole perturbation theory and nu-
merical relativity. The waveform model [75, 76] assumes
that the spins of the merging objects are aligned with the
orbital angular momentum, but the resulting templates can
nonetheless effectively recover systems with misaligned
spins in the parameter region of GW150914 [43]. 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 iden-
tifies maxima of ⇢(t) with respect to the time of arrival
of the signal [77–79]. 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 [80]. 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 [81, 82]. The final step enforces coincidence
between detectors by selecting event pairs that occur within
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What	  else	  could	  it	  be?	  Random	  Noise?	  
There	  are	  lots	  of	  terrestrial	  sources	  of	  local	  noise,	  inside	  and	  outside	  the	  	  
interferometers.	  	  We	  use	  ar0ficial	  0me	  slides	  to	  measure	  background	  	  
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events in the search class where GW150914 was
found (black lines) as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the significance of
an event in Gaussian standard deviations based on the corresponding noise background . The significance of GW150914 is greater than
5.1 � and 4.6 � for the binary coalescence and the generic transient searches, respectively. (Left): Along with the primary search (C3) we
also show the results (yellow markers) and background (green curve) for an alternative search that treats events independently of their
frequency evolution (C2+C3). The classes C2 and C3 are defined in the text. (Right): The tail in the black-line background of the binary
coalescence search is due to random coincidences of GW150914 in one detector with noise in the other detector. (This type of event
is practically absent in the generic transient search background because they do not pass the time-frequency consistency requirements
used in that search.) The blue curve is the background excluding those coincidences, which is used to assess the significance of the
second strongest event.

its false alarm rate is lower than 1 in 22 500 years. This
corresponds to a probability < 2⇥ 10�6 of observing one
or more noise events during the analysis time as strong as
GW150914, equivalent to 4.6 �. The left panel of Fig. 4
shows the C3 class results and background.

The selection criteria that define the search class C3 in
which GW150914 was found, reduces the background by
introducing a constraint on the signal morphology. In order
to illustrate the significance of GW150914 against a back-
ground of events consistent in both detectors but with arbi-
trary shapes, we also present the results of a search com-
prising only the two search classes C1 and C2+C3. This is
a search that does not have a specific class for events with
increasing frequency. As expected, GW150914 is found
in the C2+C3 class. The left panel of Fig. 4 shows the
C2+C3 class results and background. In the background
of this class there are four events with ⌘

c

� 32.1, yield-
ing a false alarm rate for GW150914 of 1 in 8 400 years.
This corresponds to a false alarm probability of 5 ⇥ 10�6

equivalent to 4.4 �.

For robustness and validation, we also use other generic
transient search algorithms [37]. A different search
[70] and a parameter estimation follow-up [71] detected
GW150914 with consistent significance and signal param-
eters.

Binary coalescence search — This search targets
gravitational-wave emission from binary systems with in-
dividual masses from 1M� to 99M� with total mass less
than 100M� and dimensionless spins up to 0.99 [43]. To
model systems with total mass larger than 4M�, we use
the effective-one-body (EOB) formalism [72], which com-
bines results from the Post-Newtonian approach [73, 74]
with results from black hole perturbation theory and nu-
merical relativity. The waveform model [75, 76] assumes
that the spins of the merging objects are aligned with the
orbital angular momentum, but the resulting templates can
nonetheless effectively recover systems with misaligned
spins in the parameter region of GW150914 [43]. 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 iden-
tifies maxima of ⇢(t) with respect to the time of arrival
of the signal [77–79]. 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 [80]. 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 [81, 82]. The final step enforces coincidence
between detectors by selecting event pairs that occur within
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What	  else	  could	  it	  be?	  Random	  Noise?	  
There	  are	  lots	  of	  terrestrial	  sources	  of	  local	  noise,	  inside	  and	  outside	  the	  	  
interferometers.	  	  We	  eliminate	  the	  worst	  of	  it	  through	  data	  quality	  work,	  
then	  we	  use	  ar0ficial	  0me	  slides	  to	  measure	  background.	  	  
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show the
number of candidate events (orange markers) and the mean number of background events in the search class where GW150914 was
found (black lines) as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the significance of
an event in Gaussian standard deviations based on the corresponding noise background . The significance of GW150914 is greater than
5.1 � and 4.6 � for the binary coalescence and the generic transient searches, respectively. (Left): Along with the primary search (C3) we
also show the results (yellow markers) and background (green curve) for an alternative search that treats events independently of their
frequency evolution (C2+C3). The classes C2 and C3 are defined in the text. (Right): The tail in the black-line background of the binary
coalescence search is due to random coincidences of GW150914 in one detector with noise in the other detector. (This type of event
is practically absent in the generic transient search background because they do not pass the time-frequency consistency requirements
used in that search.) The blue curve is the background excluding those coincidences, which is used to assess the significance of the
second strongest event.

its false alarm rate is lower than 1 in 22 500 years. This
corresponds to a probability < 2⇥ 10�6 of observing one
or more noise events during the analysis time as strong as
GW150914, equivalent to 4.6 �. The left panel of Fig. 4
shows the C3 class results and background.

The selection criteria that define the search class C3 in
which GW150914 was found, reduces the background by
introducing a constraint on the signal morphology. In order
to illustrate the significance of GW150914 against a back-
ground of events consistent in both detectors but with arbi-
trary shapes, we also present the results of a search com-
prising only the two search classes C1 and C2+C3. This is
a search that does not have a specific class for events with
increasing frequency. As expected, GW150914 is found
in the C2+C3 class. The left panel of Fig. 4 shows the
C2+C3 class results and background. In the background
of this class there are four events with ⌘

c

� 32.1, yield-
ing a false alarm rate for GW150914 of 1 in 8 400 years.
This corresponds to a false alarm probability of 5 ⇥ 10�6

equivalent to 4.4 �.

For robustness and validation, we also use other generic
transient search algorithms [37]. A different search
[70] and a parameter estimation follow-up [71] detected
GW150914 with consistent significance and signal param-
eters.

Binary coalescence search — This search targets
gravitational-wave emission from binary systems with in-
dividual masses from 1M� to 99M� with total mass less
than 100M� and dimensionless spins up to 0.99 [43]. To
model systems with total mass larger than 4M�, we use
the effective-one-body (EOB) formalism [72], which com-
bines results from the Post-Newtonian approach [73, 74]
with results from black hole perturbation theory and nu-
merical relativity. The waveform model [75, 76] assumes
that the spins of the merging objects are aligned with the
orbital angular momentum, but the resulting templates can
nonetheless effectively recover systems with misaligned
spins in the parameter region of GW150914 [43]. 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 iden-
tifies maxima of ⇢(t) with respect to the time of arrival
of the signal [77–79]. 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 [80]. 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 [81, 82]. The final step enforces coincidence
between detectors by selecting event pairs that occur within

11

Very	  high	  significance	  –	  exceedingly	  unlikely	  to	  be	  random	  coincidence	  

Generic	  transient	  search:	  	  	  	  Matched	  filter	  search:	  
	  
	  
1	  in	  22,500	  years 	   	   	  	  	  	  1	  in	  202,600	  years	  
4.6σ	   5.1σ	  
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What	  about	  Correlated	  Noise?	  

Since	  our	  significance	  es0ma0on	  assumes	  independent	  noise,	  
we	  have	  to	  be	  extra	  careful	  about	  possible	  correlated	  noise.	  
We	  have	  hundreds	  of	  environmental	  sensors	  at	  both	  sites	  to	  
rule	  out	  these	  possibili0es.	  	  

Ø  Lightning	  or	  other	  EM	  fluctua0ons	  
Ø  Timing	  system	  glitches	  
Ø  Cosmic	  ray	  showers	  
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What	  about	  an	  ar0ficial	  injected	  signal?	  
We	  can	  insert	  injected	  signals	  through	  both	  hardware	  and	  sorware	  
as	  a	  test	  of	  our	  detec0on	  algorithms	  
	  
Ø  It	  isn’t	  a	  sorware	  injec0on:	  
It	  behaves	  like	  a	  real	  signal	  everywhere	  in	  the	  interferometers,	  not	  
just	  at	  the	  readout	  –	  LIGO	  scien0sts	  can	  “follow	  the	  light”	  
	  
Ø  It	  isn’t	  a	  hardware	  injec0on:	  
We	  have	  readouts	  in	  place	  for	  all	  of	  our	  standard	  injec0on	  channels,	  
tests	  were	  done	  for	  non-‐standard	  means	  of	  malicious	  injec0ons	  

“The	  Big	  Dog”	  è	  
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What	  does	  it	  mean?	  Einstein	  was	  right.	  
Direct	  confirma0on	  of	  the	  existence	  of	  	  
gravita0onal	  waves	  
	  
More	  generally,	  a	  very	  direct	  confirma0on	  	  
of	  General	  Rela0vity	  
	  
Results	  beau0fully	  consistent	  with	  	  
Numerical	  Rela0vity	  predic0ons	  
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What	  does	  it	  mean?	  	  
Massive	  Black	  Hole	  Binaries	  Exist	  

We	  knew	  black	  holes	  existed	  based	  on	  observa0ons	  of	  x-‐ray	  binaries	  	  
with	  compact	  objects	  more	  massive	  than	  neutron	  stars	  
	  
Ø  Black	  holes	  with	  masses	  greater	  than	  25M¤	  exist	  
	  
Ø  Binary	  black	  hole	  systems	  exist	  	  
	  
Ø  Black	  hole	  mergers	  happen	  on	  9me	  scales	  less	  than	  the	  age	  of	  the	  
universe	  
	  
We	  don’t	  know	  when	  or	  where	  the	  system	  formed	  	  
(could	  be	  rela0vely	  recently	  and	  nearby	  or	  long	  ago	  and	  far,	  far	  away)	  
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What	  Does	  it	  Mean?	  
A	  chirpy	  universe!	  

The	  most	  pessimis0c	  binary	  black	  hole	  rate	  	  
predic0ons	  are	  sta0s0cally	  excluded	  	  

Low	   Realis+c	   High	  

NS-‐NS	   0.4	   40	   400	  

NS-‐BH	   0.2	   10	   300	  

BH-‐BH	   0.4	   20	   1000	  

Detec0ons	  per	  year	  previously	  
predicted	  for	  design	  sensi0vity	  
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What	  Does	  it	  Mean?	  
A	  chirpy	  universe!	  

The	  most	  pessimis0c	  binary	  black	  hole	  rate	  	  
predic0ons	  are	  sta0s0cally	  excluded	  	  

Low	   Realis+c	   High	  

NS-‐NS	   0.4	   40	   400	  

NS-‐BH	   0.2	   10	   300	  

BH-‐BH	   0.4	   20	   1000	  

Detec0ons	  per	  year	  previously	  
predicted	  for	  design	  sensi0vity	  
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What	  Does	  it	  Mean?	  
A	  chirpy	  universe!	  

The	  most	  pessimis0c	  binary	  black	  hole	  rate	  	  
predic0ons	  are	  sta0s0cally	  excluded	  	  
	  
But	  we	  have	  a	  lot	  more	  listening	  to	  do…..	  
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So	  What	  Else	  Have	  You	  Got?	  
Ø  Second	  loudest	  event	  has	  false	  alarm	  probability	  of	  2%:	  LVT151012	  	  
Can’t	  trace	  to	  environmental	  cause,	  but	  can’t	  unambiguously	  confirm	  

Ø We’re	  currently	  looking	  at	  the	  rest	  of	  O1	  
Ø “O2”	  will	  start	  at	  improved	  sensi0vity	  in	  2016	  

Characterization of transient noise in Advanced LIGO relevant to gravitational wave signal GW15091418

second interesting event on the 12th of October 2015 was found in the CBC search.458

The candidate most closely matched the waveform of a binary black hole system with459

masses 32.1 M� and 14.6 M�, producing a trigger with a false alarm rate of 1 event per460

2.3 years. [1, 49] [Need to replace wording/numbers as used in the discovery paper].461
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Figure 14: Normalized spectrograms of G197392 in Hanford (left) and Livingston (right)
h(t) data with the same central GPS time. Note these spectrograms have a
much smaller normalized energy scale than those in Figure 11.

The data around this candidate were found to be significantly more non-stationary462

than that around GW150914. The noise transient rate in the hours around G197392463

was significantly higher than usual at both LIGO detectors, seen even on a broad464

scale for Livingston in particular, as illustrated in Figure 15. This is likely due to465

increased low frequency ground motion associated with ocean waves. The elevated466

noise transient rate at both sites induced a higher rate of background triggers around467

the time of G197392.468

For Livingston data, the candidate is in coincidence with significant excess power469

at 10Hz lasting roughly three seconds, a portion of which can be seen in Figure 14.470

There is no obvious indication of upconversion to the frequency range analyzed by the471

transient searches, so the low frequency noise is not thought to have caused the signal472

associated with G197392 in the Livingston detector. No detector characterization473

studies to date indicate that G197392 is caused by a noise artifact.474

6.6. Noise transient rate475

Figure 15 shows the rate of transient noise in the data as identified by the single-476

detector burst algorithm Omicron for each of the two detectors over the analyzed477

period. GW150914 occurs during a period when the transient noise rate is low at478

both detectors, particularly for louder transient noise. However, event G197392 occurs479

during a period when the rate of transient noise is elevated, likely due to increased480

seismic noise, as described below.481

For Hanford, major excursions from the normal noise transient rate of ⇠ 0.3Hz482

can be seen around 3 days into the analysis due to an electronics failure in the483
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More	  to	  be	  done	  with	  LIGO	  
Gravita0onal	  Wave	  Astronomy	  

²  Confirm	  detec0on	  with	  addi0onal	  observa0ons	  
²  A	  number	  of	  observa0ons	  will	  tell	  us	  about	  the	  popula0on	  of	  binary	  black	  holes	  
²  We’ve	  yet	  to	  observe	  a	  neutron	  star	  merger	  (NS-‐BH	  or	  NS-‐NS)	  
²  Tremendous	  scien0fic	  poten0al	  in	  “mul0-‐messenger	  astronomy”	  
	  	  	  	  	  	  	  	  	  -‐	  Gamma	  ray	  Bursts	  
	  	  	  	  	  	  	  	  	  -‐	  Supernovae	  
²  Direct	  measurement	  of	  of	  long	  term	  GW	  emission	  from	  pulsars	  
²  Universal	  “popcorn”	  of	  faint,	  distant	  sources	  
²  Probe	  for	  subtle	  viola0ons	  of	  general	  rela0vity	  	  
²  cosmic	  superstrings	  
²  other	  unexpected	  discoveries	  
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Global	  Network	  of	  Interferometers	  
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Global	  Network	  of	  Interferometers	  
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Gravita0onal	  Wave	  Spectrum	  

Image	  credit:	  Ira	  Thorpe	  31	  



Gravita0onal	  Wave	  Spectrum	  

Image	  credit:	  Ira	  Thorpe	  

LIGO	  is	  here	  
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Gravita0onal	  Wave	  Spectrum	  

Image	  credit:	  Ira	  Thorpe	  

LISA	  Pathfinder	  
Launched	  December	  3rd	  
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LIGO Scientific Collaboration	  



Lots	  of	  media	  coverage	  
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Lots	  of	  Reading	  Material	  
Discovery	  paper	  in	  Physical	  Review	  Leuers	  
hups://dcc.ligo.org/LIGO-‐P150914/public	  
	  
Plus	  papers	  on:	  
Ø  Detector	  Characteriza0on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Ø  Generic	  Transient	  (burst)	  search	  
Ø  Compact	  Binary	  Coalescence	  search	  
Ø  Astrophysical	  Interpreta0on	  
Ø  Rates	  Es0mates	  
Ø  Parameter	  Es0ma0on	  
Ø  Tes0ng	  GR	  
Ø  Detector	  paper	  
Ø  Follow-‐ups	  with	  various	  telescopes	  
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