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LIGO = Laser Interferometer Gravitational-wave Observatory



G2600956 3

https://spaceplace.nasa.gov/gallery-sun/en/

https://storage.noirlab.edu/media/archives/images/large/rubin-MorningTwilight_Feb2023-CC.jpg

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
https://www.esa.int/ESA_Multimedia/Videos/2015/09/Gravitational_waves/(lang)

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg


G2600956 4

https://spaceplace.nasa.gov/gallery-sun/en/

https://storage.noirlab.edu/media/archives/images/large/rubin-MorningTwilight_Feb2023-CC.jpg

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
https://www.esa.int/ESA_Multimedia/Videos/2015/09/Gravitational_waves/(lang)

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg


G2600956 4

https://spaceplace.nasa.gov/gallery-sun/en/

https://storage.noirlab.edu/media/archives/images/large/rubin-MorningTwilight_Feb2023-CC.jpg

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
https://www.esa.int/ESA_Multimedia/Videos/2015/09/Gravitational_waves/(lang)

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg


map from http://www.nationsonline.org/maps/political_world_map3000.jpg

KAGRAGEO 600

VIRGO
LIGO India

project approved

LIGO Livingston

LIGO Hanford
International Network

http://www.nationsonline.org/maps/political_world_map3000.jpg


map from http://www.nationsonline.org/maps/political_world_map3000.jpg

KAGRAGEO 600

VIRGO
LIGO India

project approved

LIGO Livingston

LIGO Hanford
International Network

http://www.nationsonline.org/maps/political_world_map3000.jpg


map from http://www.nationsonline.org/maps/political_world_map3000.jpg

KAGRAGEO 600

VIRGO
LIGO India

project approved

LIGO Livingston

LIGO Hanford
International Network

http://www.nationsonline.org/maps/political_world_map3000.jpg


G2600956

Black Holes

7

Black Hole - small and massive, gravitational pull is so 
strong that not even light can get out

Brian’s favorite star

https://science.nasa.gov/image-detail/amf-gsfc_20171208_archive_e001435/ 

1 solar mass

865,000 m
iles

https://science.nasa.gov/image-detail/amf-gsfc_20171208_archive_e001435/
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Black Hole - small and massive, gravitational pull is so 
strong that not even light can get out

https://science.nasa.gov/image-detail/amf-gsfc_20171208_archive_e001435/ 

865,000 m
iles

3.7 miles
1 solar mass
(not going to happen)
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Black Hole - small and massive, gravitational pull is so 
strong that not even light can get out

https://science.nasa.gov/image-detail/amf-gsfc_20171208_archive_e001435/ 

865,000 m
iles

3.7 miles
1 solar mass
(not going to happen)

First LIGO detection:

~30 solar mass
110 miles in diameter

https://science.nasa.gov/image-detail/amf-gsfc_20171208_archive_e001435/
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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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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.



http://mediaassets.caltech.edu/gwave

Simulation of the event
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Simulation of the event
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It’s sort of like this,
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It’s sort of like this,
except spacetime is stretching, 

and the mirrors don’t move.

Time 0= T P
4
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4
------= T 1 Period=
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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 
   (proton is about 1.7*10-15 meters)

(that’s why it’s taken so long, 
   Einstein 1916, Weiss 1973,  
   first signal 2015)
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Since h = dL/L (or dL = h*L) more L gives you more dL of signal,
    World’s 3rd largest ultra-clean vacuum system 
       - each arm is 4 km long, 4 ft. diameter
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LIGO Beamtube
9000 m3 volume/site 
30000 m2 area/site
50 km of spiral welds
~1e-9 torr
budget ~ $40M (1997)
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LIGO Beamtube

16M. Zucker, LIGO-G1900137photo credit M. Zucker?

LIGO Beamtube
9000 m3 volume/site 
30000 m2 area/site
50 km of spiral welds
~1e-9 torr
budget ~ $40M (1997)
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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

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

Suspended as a 
4 stage pendulum 
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Best coatings available

Motion at 10 Hz is set by 
thermal driven vibration

Pendulum Suspension
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thermal driven vibration

Pendulum Suspension
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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
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LHO suspension expert, Betsy Weaver 
with the Engineering prototype
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Demo time!
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First signal - Sept 14, 2015
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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) 

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) 

http://dx.doi.org/10.1103/PhysRevLett.116.061102

3 solar masses were 
radiated as GWs
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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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Neutron star & San Francisco
Supernova remnant 
~1.4 solar masses

composed of dense neutrons
hot topic in astronomy

pulsars, Hulse-Taylor 
kilonovas…

GW170817
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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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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).



G2600956

BNS

30

2

gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
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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.
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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;
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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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What are they looking for?
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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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https://spaceplace.nasa.gov/gallery-sun/en/

https://storage.noirlab.edu/media/archives/images/large/rubin-MorningTwilight_Feb2023-CC.jpg

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
https://www.esa.int/ESA_Multimedia/Videos/2015/09/Gravitational_waves/(lang)

http://www.nasa.gov/images/content/115334main_image_feature_329_ys_full.jpg
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Finally…
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LIGO = New Astronomy, 
Laser Interferometer to Observe Gravitational waves

Big numbers & Small numbers

Interferometers are cool

Universe is wild, and it’s filled with crazy stuff 
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Lots of Events!
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(through O3)


