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9
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

Implies immediate 
action at a distance

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,  
Library of Congress 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

Sydney Harris
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Gravitational waves are hard to 
measure because space doesn’t like to 
stretch.

Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters

(that’s why it’s taken so long,  
   Einstein 1916, Weiss 1973)
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3 Things we do:

1) Really long arms. 

Gravitational waves are hard to 
measure because space doesn’t like to 
stretch.

Our signal strain (h) = 10-21,  
   dL = 4*10-18 meters

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

page 3

5.2 kW 750 kW

Goal 2: Measure distance 
change of arms very accurately
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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

Fabry-Perot arms

19

Goal 2: Measure distance 
change of arms very accurately

about 300 bounces
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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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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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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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Power recycling
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Power Recycling Cavity 
increases stored light to improve 

quantum noise limit

800 W in PRC now

5.2 kW in PRC

Goal 2: Measure distance 
change of arms very accurately

100 kW now 
in each arm

(750 kW final)
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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.

page 3

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
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• 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

25

LIGO Mirrors:
Synthetic fused silica, 
40 kg mass
34 cm diameter  
20 cm thick

Suspended as a 
4 stage pendulum 
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Pendulum Suspension
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LIGO Mirrors:
Synthetic fused silica, 
40 kg mass
34 cm diameter  
20 cm thick

Suspended as a 
4 stage pendulum 

Best coatings available

Motion at 10 Hz set by 
thermal driven vibration
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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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silicate bonding creates a monolithic final stage

Pendulum Suspension
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stage 1
support - stage 0

optics table - stage 2 
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stage 1
support - stage 0

optics table - stage 2 
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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.

page 3

5.2 kW 750 kW

1) Long Arms
2) Precise length measurement
3) Quiet Mirrors
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review event

show time series

http://dx.doi.org/10.1103/PhysRevLett.116.061102
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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
   420 (+160/-180) MPc
   (1.3 Billion light years) 

Best fit with  
 Numerical Relativity

http://dx.doi.org/10.1103/PhysRevLett.116.061102
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Lots of new astrophysics



G1602450

LSC

38
Lots of new astrophysics but no light
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Neutron star & San Francisco
Supernova remnant 
~1.4 solar masses

composed of dense neutrons
hot topic in astronomy

pulsars, Hulse-Taylor 
kilonovas…
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2

gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.

• LIGO software finds trigger in 
LHO data - 5:41:04 am Pacific 
time, August 17. 

• LIGO realizes that Fermi GBM 
has triggered on event 1.7 
seconds after GW merger.

• Thus, BNS mergers cause 
short gamma-ray bursts.

• Finally solving a mystery 
uncovered by Vela-4 in 1967.  
(as predicted by many). 

• Forcing a best match to Virgo 
(~in the blind spot, so SNR is 
only 2!)

(Cleaned)
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gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.

MMA — LIGO-P1700294-V4 5

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the
90% credible regions from LIGO (190 deg2, light green), the initial LIGO-Virgo localization (31 deg2, dark green), IPN triangulation from the
time delay between Fermi and INTEGRAL (light blue), and Fermi GBM (dark blue). The inset shows the location of the apparent host galaxy
NGC 4993 in the Swope optical discovery image at 10.9 hours after the merger (top right) and the DLT40 pre-discovery image from 20.5 days
prior to merger (bottom right). The reticle marks the position of the transient in both images.

Chile about 10 hours after the merger with an altitude above
the horizon of about 45 degrees.

The One-Meter, Two-Hemisphere (1M2H) team was the
first to discover and announce (Aug 18 01:05 UTC; Coul-
ter et al. 2017a) a bright optical transient in an i-band im-
age acquired on Aug 17 at 23:33 UTC (tc+10.87 hr) with the
1 m Swope telescope at Las Campanas Observatory in Chile.
The team used an observing strategy (Gehrels et al. 2016)
that targeted known galaxies (from White et al. 2011) in the
three-dimensional LIGO-Virgo localization taking into ac-
count the galaxy stellar mass and star-formation rate (Coulter
et al. 2017). The transient, designated Swope Supernova Sur-
vey 2017a (SSS17a), was i = 17.057± 0.018 mag5 (Aug 17
23:33 UTC, tc+10.87 hr) and did not match any known aster-
oids or supernovae. SSS17a (now with the IAU designation
AT2017gfo) was located at ↵(J2000.0) = 13h09m48s.085±

5 All apparent magnitudes are AB and corrected for the Galactic extinc-
tion in the direction of SSS17a (E(B � V ) = 0.109 mag; Schlafly &
Finkbeiner 2011).

0.018, �(J2000.0) = �23�2205300.343±0.218 at a projected
distance of 10.600 from the center of NGC 4993, an early-
type galaxy in the ESO 508 group at a distance of ' 40 Mpc
(Tully-Fisher distance from Freedman et al. 2001), consistent
with the gravitational-wave luminosity distance (The LIGO
Scientific Collaboration et al. 2017b).

Five other teams took images of the transient within an
hour of the 1M2H image (and before the SSS17a announce-
ment) using different observational strategies to search the
LIGO-Virgo sky localization region. They reported their dis-
covery of the same optical transient in a sequence of GCNs:
the Dark Energy Camera (01:15 UTC; Allam et al. 2017),
the Distance Less Than 40 Mpc survey (01:41 UTC; Yang
et al. 2017a), Las Cumbres Observatory (04:07 UTC; Ar-
cavi et al. 2017a), the Visible and Infrared Survey Tele-
scope for Astronomy (05:04 UTC; Tanvir et al. 2017a),
and MASTER (05:38 UTC; Lipunov et al. 2017a). Inde-
pendent searches were also carried out by the Rapid Eye
Mount (REM-GRAWITA, optical, 02:00 UTC; Melandri
et al. 2017a), Swift UVOT/XRT (utraviolet, 07:24 UTC;
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Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the
90% credible regions from LIGO (190 deg2, light green), the initial LIGO-Virgo localization (31 deg2, dark green), IPN triangulation from the
time delay between Fermi and INTEGRAL (light blue), and Fermi GBM (dark blue). The inset shows the location of the apparent host galaxy
NGC 4993 in the Swope optical discovery image at 10.9 hours after the merger (top right) and the DLT40 pre-discovery image from 20.5 days
prior to merger (bottom right). The reticle marks the position of the transient in both images.

Chile about 10 hours after the merger with an altitude above
the horizon of about 45 degrees.

The One-Meter, Two-Hemisphere (1M2H) team was the
first to discover and announce (Aug 18 01:05 UTC; Coul-
ter et al. 2017a) a bright optical transient in an i-band im-
age acquired on Aug 17 at 23:33 UTC (tc+10.87 hr) with the
1 m Swope telescope at Las Campanas Observatory in Chile.
The team used an observing strategy (Gehrels et al. 2016)
that targeted known galaxies (from White et al. 2011) in the
three-dimensional LIGO-Virgo localization taking into ac-
count the galaxy stellar mass and star-formation rate (Coulter
et al. 2017). The transient, designated Swope Supernova Sur-
vey 2017a (SSS17a), was i = 17.057± 0.018 mag5 (Aug 17
23:33 UTC, tc+10.87 hr) and did not match any known aster-
oids or supernovae. SSS17a (now with the IAU designation
AT2017gfo) was located at ↵(J2000.0) = 13h09m48s.085±

5 All apparent magnitudes are AB and corrected for the Galactic extinc-
tion in the direction of SSS17a (E(B � V ) = 0.109 mag; Schlafly &
Finkbeiner 2011).

0.018, �(J2000.0) = �23�2205300.343±0.218 at a projected
distance of 10.600 from the center of NGC 4993, an early-
type galaxy in the ESO 508 group at a distance of ' 40 Mpc
(Tully-Fisher distance from Freedman et al. 2001), consistent
with the gravitational-wave luminosity distance (The LIGO
Scientific Collaboration et al. 2017b).

Five other teams took images of the transient within an
hour of the 1M2H image (and before the SSS17a announce-
ment) using different observational strategies to search the
LIGO-Virgo sky localization region. They reported their dis-
covery of the same optical transient in a sequence of GCNs:
the Dark Energy Camera (01:15 UTC; Allam et al. 2017),
the Distance Less Than 40 Mpc survey (01:41 UTC; Yang
et al. 2017a), Las Cumbres Observatory (04:07 UTC; Ar-
cavi et al. 2017a), the Visible and Infrared Survey Tele-
scope for Astronomy (05:04 UTC; Tanvir et al. 2017a),
and MASTER (05:38 UTC; Lipunov et al. 2017a). Inde-
pendent searches were also carried out by the Rapid Eye
Mount (REM-GRAWITA, optical, 02:00 UTC; Melandri
et al. 2017a), Swift UVOT/XRT (utraviolet, 07:24 UTC;

There is matter, and we can watch it

GW + GRB + Kilonova
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The sound of the Gravitational Wave
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What are they looking for?
We suspect that ~1/2 of all heavy elements are created in kilonovas.  
Energetic explosion in a neutron rich environment -> nuclei in ejecta
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We suspect that ~1/2 of all heavy elements are created in kilonovas.  
Energetic explosion in a neutron rich environment -> nuclei in ejecta
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).
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•These events do happen!

•These events happen (330 - 4500) times / GPc3 Yr1

•They follow an evolution similar to kilonova predictions

•They constrain the ‘stiffness’ or Equation of State of 
neutron stars 

•You can get an estimate for the Hubble constant

•Many papers out now, many more expected

•Triumph of Multi-messenger astronomy 
distance, (H0/ angle), jet size, adiabatic glow vs. jet beam
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•How common are kilonovas?

•Can they accurately predict the abundance of heavy 
elements?

•This event was ~1000x less bright than other gamma-ray 
bursts with known distance - observer effect?

•What’s going on with the jets?

•Did it merge into a big neutron star or a small black hole?

•Did it collapse to a BH later?  
   Is that why the x-rays were late to the party?

•What’s the equation of state?

•Can we learn more about the Hubble constant?
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•LIGO is down for ~ 1 year making upgrades, preparing for O3.Timeline for Post O2 Installation 
and Commissioning

Corner volume: scattered light 
baffles, new SRM, etc

Squeezed light 
upgrade

70 W 
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ETM & ERM replacement

Cryo-pump decommissioning, chevron baffles
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P. Fritschel report to NSF
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Figure 2. The timeline of the discovery of GW170817, GRB170817A, SSS17a/AT 2017gfo and the follow-up observations are shown by
messenger and wavelength relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger.
First, the shaded dashes represent the times when information was reported in a GCN Circular. The names of the relevant instruments, facilities
or observing teams are collected at the beginning of the row. Second, representative observations (see Table 1) in each band are shown as solid
circles with their areas approximately scaled by brightness; the solid lines indicate when the source was detectable by at least one telescope.
Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray and radio bands. They are
respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Sec. 2.1), the Fermi-
GBM and INTEGRAL/SPI-ACS light-curves matched in time resolution and phase (see Sec. 2.2), 1.50⇥1.50 postage stamps extracted from
the initial six observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 d McCully et al. 2017; Buckley et
al. 2017), ESO-NTT (at tc+1.4 d, Smartt et al. 2017), the SOAR 4-m telescope (at tc+1.4 d, Nicholl et al. 2017), and ESO-VLT-XShooter (at
tc+2.4 d, Smartt et al. 2017) as described in Sec. 2.3, the first X-ray and radio detections of the same source by Chandra (see Sec. 3.3) and
JVLA (see Sec. 3.4). In order to show representative spectral energy distributions, each spectrum is normalized to its maximum, and shifted
arbitrarily along the linear y-axis (no absolute scale). The high background in the SALT spectrum below 4500 Å prevents the identification of
spectral features in this band (for details McCully et al. 2017).

http://papers.ligo.org

http://papers.ligo.org
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Supernovas and remnants

1987a

1987a Crab Nebula, supernova in 1054, 
now a spinning neutron star

HST photo courtesy of ESA  
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Interferometer’s Antenna Pattern 
LIGO is not an Imaging Detector

•Antenna pattern for aLIGO, for an 
optimally polarized wave.

•LIGO is more like a microphone than 
a telescope.

•i.e. We measure the amplitude of a 
wave coming from pretty much any 
direction.

•Good for first detections, but not so 
good for finding the source.

From R.  Adhikari, P1200121. 64
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for a systematic difference between GW and established EM-based estimates. As has been much

remarked upon, the Planck and SHoES results are inconsistent at & 3� level. Our measurement

does not resolve this tension, and is broadly consistent with both.

Figure 1 GW170817 measurement of H0 . Marginalized posterior density for H0 (blue

curve). Constraints at 1- and 2� from Planck17 and SHoES18 are shown in green and

orange. The maximum a posteriori value and minimal 68.3% credible interval from this

PDF is H0 = 70.0+12.0
�8.0 km s

�1
Mpc

�1. The 68.3% (1�) and 95.4% (2�) minimal credible

intervals are indicated by dashed and dotted lines.

One of the main sources of uncertainty in our measurement of H0 is due to the degeneracy

7

A gravitational-wave standard siren measurement of the Hubble constant 
The LIGO Scientific Collaboration and The Virgo Collaboration, The 1M2H Collaboration, The Dark Energy Camera GW-EM Collaboration and 
the DES Collaboration, The DLT40 Collaboration, The Las Cumbres Observatory Collaboration, The VINROUGE Collaboration & The MASTER 
Collaboration 

Figure 1 GW170817 measurement of H0 . Marginalized posterior density for H0 (blue curve). Constraints at 1- 
and 2σ from Planck and SHoES are shown in green and orange. The maximum a posteriori value and minimal 
68.3% credible interval from this  PDF is H = 70.0+12.0, -8.0 km s−1 Mpc−1. The 68.3% (1σ) and 95.4% (2σ) 
minimal credible intervals are indicated by dashed and dotted lines. 
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It’s hard to say…
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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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6

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

100 101 102

Mass 1 [M�]

100

101

M
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s
2

[M
�

]

|�1| < 0.9895, |�2| < 0.05

|�1,2| < 0.05

|�1,2| < 0.9895

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
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FIG. 2. Mitigation of the glitch in LIGO-Livingston data.
Times are shown relative to August 17, 2017 12:41:04 UTC.
Top panel: A time-frequency representation [57] of the raw
LIGO-Livingston data used in the initial identification of
GW170817 [62]. The coalescence time reported by the search
is at time 0.4 s in this figure and the glitch occurs 1.1 s before
this time. The time-frequency track of GW170817 is clearly vis-
ible despite the presence of the glitch. Bottom panel: The raw
LIGO-Livingston strain data (orange curve) showing the glitch
in the time domain. To mitigate the glitch in the rapid re-analysis
that produced the sky-map shown in Figure 3 [63], the raw detec-
tor data was multiplied by an inverse Tukey window (grey curve,
right axis) that zeroed out the data around the glitch [64]. To mit-
igate the glitch in the measurement of the source’s properties, a
model of the glitch based on a wavelet reconstruction [65] (blue
curve) was subtracted from the data. The time-series data vi-
sualized in this figure have been band-passed between 30 Hz and
2 kHz so that the the detector’s sensitive band is emphasized. The
gravitational-wave strain amplitude of GW170817 is of the order
of 10�22 and so is not visible in the bottom panel.

Following the procedures developed for prior
gravitational-wave detections [29, 74], we conclude
there is no environmental disturbance observed by LIGO
environmental sensors [75] that could account for the
GW170817 signal.

The Virgo data, used for sky localization and estimation
of the source properties, are shown in the bottom panel of
Figure 1. The Virgo data are non-stationary above 150 Hz
due to scattered light from the output optics modulated
by alignment fluctuations and below 30 Hz due to seismic
noise from anthropogenic activity. Occasional noise ex-
cess around the European power mains frequency of 50 Hz
is also present. No noise subtraction was applied to the
Virgo data prior to this analysis. The low signal amplitude

observed in Virgo significantly constrained the sky posi-
tion, but meant that the Virgo data did not contribute sig-
nificantly to other parameters. As a result, the estimation
of the source’s parameters reported in the Source Proper-
ties section is not impacted by the non-stationarity of Virgo
data at the time of the event. Moreover, no unusual distur-
bance was observed by Virgo environmental sensors.

DETECTION

GW170817 was initially identified as a single-detector
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forms computed in post-Newtonian theory [11, 13, 35, 79].
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taking data at the time; however, the saturation at LIGO-
Livingston prevented the search from registering a simul-
taneous event in both LIGO detectors, and the low-latency
transfer of Virgo data was delayed.

Visual inspection of the LIGO-Hanford and LIGO-
Livingston detector data showed the presence of a clear,
long-duration chirp signal in time-frequency representa-
tions of the detector strain data. As a result, an initial alert
was generated reporting a highly significant detection of a
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pendently observed gamma-ray burst GRB 170817A [38–
40].
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time series around the glitch suppressed with a window
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ence of a significant coincident signal in the LIGO de-
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31 deg2, shown in Figure 3, using data from all three detec-
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FIG. 3. Sky location reconstructed for GW170817 by a rapid lo-
calization algorithm from a Hanford-Livingston (190 deg2, light
blue contours) and Hanford-Livingston-Virgo (31 deg2, dark blue
contours) analysis. A higher latency Hanford-Livingston-Virgo
analysis improved the localization (28 deg2, green contours).
In the top-right inset panel, the reticle marks the position of
the apparent host galaxy NGC 4993. The bottom-right panel
shows the a posteriori luminosity distance distribution from the
three gravitational-wave localization analyses. The distance of
NGC 4993, assuming the redshift from the NASA/IPAC Ex-
tragalactic Database [91] and standard cosmological parameters
[92], is shown with a vertical line.
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FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines).
The diagonal dashed line indicates the ⇤

1

= ⇤
2

boundary. The ⇤
1

and ⇤
2

parameters characterize the size of the tidally-induced
mass deformations of each star and are proportional to k

2

(R/m)5. Constraints are shown for the high-spin scenario, |�|  0.89, (left
panel) and for the low-spin, |�|  0.05, (right panel). As a comparison, we plot predictions for tidal deformability given by a set of
representative equations of state [148–152] (shaded filled regions), with labels following [153], all of which support stars of 2.01M�.
Under the assumption that both components are neutron stars, we apply the function ⇤(m) prescribed by that equation of state to the
90% most probable region of the component mass posterior distributions shown in Figure 4. EOS that produce less compact stars, such
as MS1 and MS1b, predict ⇤ values ouside our 90% contour.

high-mass and low-mass component, ⇤
1

and ⇤
2

, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the post-
Newtonian waveform model for the high-spin and low-spin
priors. As a comparison, we show predictions coming from
a set of candidate equations of state for neutron-star mat-
ter [148–152], generated using fits from [153]. All EOS
support masses of 2.01 ± 0.04M�. Assuming that both
components are neutron stars described by the same equa-
tion of state, a single function ⇤(m) is computed from
the static ` = 2 perturbation of a Tolman-Oppenheimer-
Volkoff solution [98]. The shaded regions in Figure 5 rep-
resent the values of the tidal deformabilities ⇤

1

and ⇤
2

generated using an equation of state from the 90% most
probable fraction of the values of m

1

and m
2

, consistent
with the posterior shown in Figure 4. We find that our
constraints on ⇤

1

and ⇤
2

disfavor equations of state that
predict less compact stars, since the mass range we re-
cover generates ⇤ values outside the 90% probability re-
gion. This is consistent with radius constraints from X-ray
observations of neutron stars [157–161]. Analysis meth-
ods, in development, that a priori assume the same EOS
governs both stars should improve our constraints [162].

To leading order in ⇤
1

and ⇤
2

, the gravitational-wave

phase is determined by the parameter

⇤̃ =
16

13

(m
1

+ 12m
2

)m4

1

⇤
1

+ (m
2

+ 12m
1

)m4

2

⇤
2

(m
1

+ m
2

)5

[96, 112]. Assuming a uniform prior on ⇤̃, we place a 90%
upper limit of ⇤̃  800 in the low-spin case and ⇤̃  700
in the high-spin case. We can also constrain the function
⇤(m) more directly by expanding ⇤(m) linearly about
m = 1.4M� (as in [107, 110]), which gives ⇤(1.4M�) 
1400 for the high-spin prior and ⇤(1.4M�)  800 for the
low-spin prior. A 95% upper bound inferred with the low-
spin prior, ⇤(1.4M�)  970, begins to compete with the
95% upper bound of 1000 derived from X-ray observations
in [163].

Since the energy emitted in gravitational waves depends
critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able
to place a lower bound on the energy emitted before the
onset of strong tidal effects at f

GW

⇠600 Hz as E
rad

>
0.025M�c2. This is consistent with E

rad

obtained from
numerical simulations and fits for BNS systems consistent
with GW170817 [109, 164–166].

We estimate systematic errors from waveform modeling
by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [119] aug-
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mirrors are currently suspended with metallic wires. Follow-
ing one year of commissioning, Advanced Virgo joined
LIGO in August 2017 for the last month of the second
observation run.
For Virgo, the noises that are currently limiting the

sensitivity at low frequencies are thermal noise of the test
mass suspension wires, control noise, the 50 Hz mains line
and harmonics, and scattered light driven by seismic noise.
At high frequencies, the largest contribution comes from
shot noise of the main interferometer beam, with smaller
contributions coming from scattered light, and shot noise of
a secondary beam used to control the laser frequency. The
noise sources that limit LIGO’s sensitivity are described in
[24] and [25]. For bothLIGOandVirgo, commissioningwill
continue to reach their ultimate designed sensitivities [26].
Several noise sources that are linearly coupled to the GW

data channel can be subtracted in postprocessing, using
auxiliary sensors (e.g., photodiodes monitoring beam
motion) and coupling transfer functions calculated via
optimal Wiener filters. This technique was used in the
initial detector era [27–29]. For LIGO, we remove cali-
bration lines, power mains and harmonics, the effect of
some length and angular controls, and the effect of laser
beam motion. This noise removal can improve the sensi-
tivity of the LIGO detectors by approximately 20% [30].
For Virgo, we remove the effect of some length controls,
and the laser frequency stabilization control. The search
pipelines described in Sec. III use the calibrated strain data
which were produced in low latency and which have not
undergone postprocessing noise subtraction. They also use
data quality flags which were produced offline. The source
properties, however, described in Sec. V, are inferred using
the postprocessing noise-subtracted data. Figure 2 shows
the sensitivity of the Advanced LIGO–Advanced Virgo
network around the time of GW170814, after the post-
processing removal of several noise sources.
Detection validation procedures at LIGO [2,31], and

checks performed at Virgo found no evidence that instru-
mental or environmental disturbances could account for
GW170814. Tests quantifying the detectors’ susceptibility
to external environmental disturbances, such as electromag-
netic fields [32], indicated that any disturbance strong
enough to account for the signal would be clearly detected
by the array of environmental sensors. None of the envi-
ronmental sensors recorded anydisturbances consistentwith
a signal that evolved in time and frequency like GW170814.
A noise transient with a central frequency around 50 Hz
occurs in the Virgo detector 50 ms after GW170814. This
falls outside thewindow expected due to the light travel time
between the detectors, and has, therefore, no effect on the
interpretation of the GW signal.
LIGO is calibrated by inducing test-mass motion using

photon pressure from modulated auxiliary lasers [33,34],
and Virgo is calibrated using electromagnetic actuators
[35,36]. Frequency-dependent calibration uncertainties
are determined for both LIGO detectors for GW170814

using the method in [37], and used for estimation of the
properties of this event; themaximum 1-σ uncertainty for the
strain data in the frequency range 20–1024 Hz is 7% in
amplitude and 4° in phase. The maximum 1-σ uncertainties
for Virgo are 8% in amplitude and 3° in phase over the same
frequency range. The estimation of properties ofGW170814
use thesemaximumvalues for theVirgo uncertainty over the
whole frequency range. Uncertainties in the time stamping
of the data are 10 μs for LIGO and 20 μs for Virgo, which
does not limit the sky localization.

III. SEARCHES

GW170814 was first identified with high confidence
∼30 s after its arrival by two independent low-latency
matched-filter pipelines [38–44] that filter the data against a
collection of approximate gravitational-wave templates
[45–53], triggering an alert that was shared with partners
for electromagnetic follow-up [54].
The significance estimates for this event were found by

the two matched-filter pipelines, and a fully coherent
unmodeled search pipeline [55], analyzing 5.9 days of
coincident strain data from the Advanced LIGO detectors
spanning August 13, 2017 to August 21, 2017. The
matched-filter pipelines do not currently use data from
Virgo for significance estimates. Coherent searches, how-
ever, use the Virgo data to improve significance estimates.
The analysis was performed over the same source param-

eter space as the GW170104 matched-filter analysis [4] and
with additional data quality information unavailable in low
latency [5,31], although thenoise-subtracteddata described in
Sec. II were not used. Both pipelines identified GW170814
with a Hanford-Livingston network SNR of 15, with ranking
statistic values from the two pipelines corresponding to a

FIG. 2. Amplitude spectral density of strain sensitivity of the
Advanced LIGO–AdvancedVirgo network, estimated using 4096 s
of data around the time ofGW170814.Here, several known linearly
coupled noise sources have been removed from the data.
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Figure 4. GRB 170817A is a dim outlier in the distribu-
tions of E

iso

and L
iso

, shown as a function of redshift for
all GBM-detected GRBs with measured redshifts. Redshifts
are taken from GRBOX (http://www.astro.caltech.edu/
grbox/grbox.php) and Fong et al. (2015). Short and long
duration GRBs are separated by the standard T

90

= 2 s
threshold. For GRBs with spectra best modeled by a power
law, we take this value as an upper limit, marking them
with downward pointing arrows. The power law spectra lack
a constraint on the curvature, which must exist, and there-
fore, will overestimate the total value in the extrapolated
energy range. The green curve demonstrates how the (ap-
proximate) GBM detection threshold varies as a function of
redshift. All quantities are calculated in the standard
1 keV–10MeV energy band.

the Lorentz factor and the emissivity. Here the observed
energetics are significantly lower than they would be if
we were within ✓

j

.
In the top-hat scenario, o↵-axis values of physical

quantities can be related to the on-axis values through
the angle dependence of the relativistic Doppler factor:

�D(✓) = [�(1 � � cos ✓)]�1 ⇡ 2�/(1 + ✓2�2), (18)

where ✓ is the angle between the velocity vector v and
the line of sight, and � = v/c. The relation for duration
and peak energy is linear with �D (see, e.g., Granot et al.
2002a):

T90(o↵ � axis)

T90(on � axis)
=

Ep(on � axis)

Ep(o↵ � axis)
=

�D(0)

�D(✓j � ⇣)

=
1 � � cos(✓j � ⇣)

1 � �
�
= b ⇡ 1 + �2(⇣ � ✓j)

2, (19)

whereas E
�,iso(o↵ � axis) scales approximately / b�2

for a viewing angle ⇣ between ✓j and 2✓j. The duration
in the on-axis scenario may be longer than inferred from
the above equation, as the variable gamma-ray flux can
be discerned above detector noise for a longer fraction of
the total activity compared to emission viewed o↵-axis.

We use the observed quantities for GRB 170817A,
E

p

⇡ 200 keV, E
�,iso = 5.3 ⇥ 1046 erg and T90 ⇡

2 s, as values observed o↵-axis. If we assume that
the on-axis values for GRB 170817A are consistent
with typical values observed for SGRBs, we obtain
E

p

= 6(b/30) MeV, E
�,iso = 5 ⇥ 1049(b/30)2 erg and

T90 = 7 ⇥ 10�2(b/30)�1 s. In particular using a fiducial
range on E

�,iso(on � axis) corresponding to the two or-
ders of magnitude spread shown in figure 4 we obtain
b ⇡ �2(⇣ � ✓j)2 ⇡ 30 within a factor 3, which is a con-
straint on the values of �, ⇣ and ✓j.

If we assume a viewing angle of ⇣ = 30� and � = 300
the uncertainty on b yields ⇣ � ✓j ' 1 ± 0.5 deg, a solid
angle covering only 1% of a full sphere. Hence this con-
figuration would require a fine tuning of the line of sight.
However, if we assume � = 30 then the uncertainty on
b yields ⇣ � ✓j ' 10 ± 4 deg, a solid angle that cov-
ers 10% of a full sphere, which is plausible without too
much fine tuning. This argument only weakly depends
on the particular value ⇣, and illustrates that for large
� a top-hat jet scenario is disfavored due to the sharp
emission fall-o↵ at the edges.

Scenario (ii): A more complex geometry involves a
structured jet (Rossi et al. 2002, or Granot 2007 and
references therein) which provides a wider range of an-
gles from which the observer could still detect emission,
and therefore does not require a fine-tuned viewing an-
gle. Structured jet emission profiles include a uniform
ultra-relativistic core surrounded by a power-law decay-
ing wing where the energy and Lorentz factor depend
on the distance from the jet axis (Pescalli et al. 2015),
a Gaussian with a smooth edge and fallo↵ outside the
core (Zhang & Mészáros 2002; Kumar & Granot 2003),
and a two-component jet with an ultra-relativistic nar-
row core and slightly slower outer jet (Frail et al. 2000;
Berger et al. 2003; Racusin et al. 2008; Filgas et al.
2011), among other possibilities.
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