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

Brian’s favorite star
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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)

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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LIGO = Laser Interferometer Gravitational-wave Observatory
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What is a Gravitational Wave?

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?
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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.



G2501464

What is a Gravitational Wave?

11

Albert Einstein

Sydney Harris



http://mediaassets.caltech.edu/gwave

Simulation of the event
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The LIGO concept
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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
---= T P

2
---= T 3P

4
------= T 1 Period=

h+

hx
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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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How it really works

1. Long arms
2. Quiet mirrors
3. Precise measurement

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

17M. Zucker, LIGO-G1900137

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



G2501464

LIGO Beamtube

18M. 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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Quiet Mirrors
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Gravitational wave doesn’t move the 
mirror, it stretches the space

 - but -

Mirrors need to be quiet because the 
interferometer can’t tell the difference.

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

How it really works

1. Long arms
2. Quiet mirrors
3. Precise measurement
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The LIGO vacuum equipment 
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HEPI

BSC-ISI

Large Optic 
(business end of SUS)

1x10-19 m/√Hz near 10 Hz

3x10-13 m/√Hz at 10 Hz

~3x10-9 m/√Hz at 10 Hz

reduce the motion by 30 billion at 10 Hz
control the position of the optic below 10 Hz



stage 1
support - stage 0

optics table - stage 2 
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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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Suspended(
test(mass(

HEPI(

BSC2ISI(

(a)$ (b)$

silicate bonding creates a monolithic final stage

Best coatings available

Motion at 10 Hz is set by 
thermal driven vibration

Pendulum Suspension
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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

Picture in here

CTorrie and M P-Lloyd
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LHO suspension expert, Betsy Weaver 
with the Engineering prototype
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Demo time!
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LIGO-T010075-v2

FI

Test Masses:
fused silica,

34 cm diam x 20 cm thick,
40 kg
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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: Measure distance 
change of arms very precisely

Precision Interferometry

26

Based on the Michelson Interferometer 
add optical tricks, a laser, a lot of power, 
and some quantum ‘squeezing’. 
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Animated Interferometer

27http://mediaassets.caltech.edu/gwave
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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: Measure distance 
change of arms very precisely

Fabry-Perot arms

28

about 300 bounces

Resonant optical cavity improves the 
SNR substantially in ‘the bucket’ = the 
most sensitive frequency band. 
  - but -
It only works when the light is resonant. 



G2501464

LIGO-T010075-v2

FI

Test Masses:
fused silica,

34 cm diam x 20 cm thick,
40 kg

SRM

T=1.4%

ITM

ETM

Input 
Mode

Cleaner

Output
Mode

Cleaner

PRM

BS

4 km

T= 20%

T= 3%

Laser !m

PD

GW readout

FI

ITM ETM
125 W

5.6 kW
800 kW

CP

ERM

SR3

SR2

PR2

PR3
ERM

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
~60 W in

~3 kW in PRC now

Goal 3: Measure distance 
change of arms very precisely

~375 kW now 
in each arm

(750 kW final)

Lots of photons

29

High power has a price 
- Local thermal distortion of the glass 
optics caused by small imperfections in 
the coatings and limit current power.
- Noise from scattered light.
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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

look for motions (signals) that are  
different from the usual noise 

characteristic of GWs
seen at all the sites

and now you wait for a signal

30
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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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Best fit with 
 Numerical Relativity
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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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The sound of black holes colliding

33http://mediaassets.caltech.edu/gwave
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The sound of black holes colliding
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The sound of black holes colliding
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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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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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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.
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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
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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).

https://arxiv.org/abs/1710.05833 

seconds days

https://arxiv.org/abs/1710.05833


G2501464 42

6

-100 -50 0 50

GW

γ-ray

X-ray

UV

Optical

IR

Radio

10-2

t-tc (s) t-tc (days)
10-1 100 101

LIGO, Virgo

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STARRS1, 
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILESCOPE, TOROS, 
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

REM-ROS2, VISTA, Gemini-South, 2MASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-VLT, Kanata Telescope, HST

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA, ALMA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg

SALT
ESO-NTT

SOAR
ESO-VLT

7000o

4000o

t-tc
(days)

1.2

1.4

2.4

wavelength (nm)

no
rm

al
iz

ed
 F

λ

400     600     1000         2000

INTEGRAL/SPI-ACS

Fermi/GBM 

t-tc (s)
 -12     -10      -8       -6       -4       -2        0         2          4          6

co
un

ts
/s

 (a
rb

. s
ca

le
)

fre
qu

en
cy

 (H
z)

500
400
300

200

100

50

LIGO - Virgo

Chandra 

9d
J VLA

16.4d Radio

Las Cumbres

11.57h w

DECam

11.40h iz

MASTER

11.31h W

VISTA

11.24h YJKs X-ray

DLT40

11.08h h

1M2H Swope

10.86h i

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).

https://arxiv.org/abs/1710.05833 

https://arxiv.org/abs/1710.05833


G2501464 43

6

-100 -50 0 50

GW

γ-ray

X-ray

UV

Optical

IR

Radio

10-2

t-tc (s) t-tc (days)
10-1 100 101

LIGO, Virgo

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STARRS1, 
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILESCOPE, TOROS, 
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

REM-ROS2, VISTA, Gemini-South, 2MASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-VLT, Kanata Telescope, HST

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA, ALMA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg

SALT
ESO-NTT

SOAR
ESO-VLT

7000o

4000o

t-tc
(days)

1.2

1.4

2.4

wavelength (nm)

no
rm

al
iz

ed
 F

λ

400     600     1000         2000

INTEGRAL/SPI-ACS

Fermi/GBM 

t-tc (s)
 -12     -10      -8       -6       -4       -2        0         2          4          6

co
un

ts
/s

 (a
rb

. s
ca

le
)

fre
qu

en
cy

 (H
z)

500
400
300

200

100

50

LIGO - Virgo

Chandra 

9d
J VLA

16.4d Radio

Las Cumbres

11.57h w

DECam

11.40h iz

MASTER

11.31h W

VISTA

11.24h YJKs X-ray

DLT40

11.08h h

1M2H Swope

10.86h i

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).

https://arxiv.org/abs/1710.05833 

https://arxiv.org/abs/1710.05833
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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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you are here

https://observing.docs.ligo.org/plan/
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Cumulative count of GW events
You can track these at  
https://gracedb.ligo.org/ 

https://gracedb.ligo.org/
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(through O4a)

Lots of Events!

https://media.ligo.northwestern.edu/ 

https://media.ligo.northwestern.edu/
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GW231123 - total mass of 190-265  M⊙
z=0.4, 

Luminosity Distance: 7.2 G LY 
2.2 GPc (+1.9, -1.5)

m1 = 137+22
−17 M⊙ m2 = 103+20

−52 M⊙

and spinning fast

they are big

χ1 = 0.9+0.10
−0.19 χ2 = 0.8+0.20

−0.51

time relative to Nov. 23, 2023 13:54:30 UTC 

https://arxiv.org/abs/2507.08219

https://www.ligo.org/science/Publication-GW190521/
https://arxiv.org/abs/2507.08219
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Astrophysical implications

IMBHs: the missing link between 
stellar and supermassive black holes

https://arxiv.org/abs/2507.08219
102 103
0

1

2

https://www.ligo.org/science/Publication-GW190521/
https://arxiv.org/abs/2507.08219
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https://www.ligo.org/science/Publication-GW190521/
https://arxiv.org/abs/2507.08219
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53

Measuring the Hubble constant H0 with gravitational waves 
because the 2 best measurement do not agree?!

Constraints on the cosmic expansion history from GWTC–3, LVK author list,  arXiv:2111.03604 

Figure 9. Hubble constant posterior for several cases. Gray dotted line: posterior obtained using all dark standard sirens without any galaxy catalog information and fixing the BBH population model. Orange 
dashed line: posterior using all dark standard sirens with GLADE+ K–band galaxy catalog in- formation and fixed population assumptions. Black solid line: posterior from GW170817 and its EM counterpart. 
Blue solid line: posterior combining dark standard sirens and GLADE+ K–band catalog information (orange dashed line) with GW170817 and its EM counterpart (black solid line). The pink and green shaded 
areas identify the 68% CI constraints on H0 inferred from the CMB anisotropies (Ade et al. 2016) and in the local Universe from SH0ES (Riess et al. 2019) respectively. 

26 Abbott et al.

Figure 9. Hubble constant posterior for several cases. Gray
dotted line: posterior obtained using all dark standard sirens
without any galaxy catalog information and fixing the BBH
population model. Orange dashed line: posterior using all
dark standard sirens with GLADE+ K–band galaxy catalog in-
formation and fixed population assumptions. Black solid
line: posterior from GW170817 and its EM counterpart.
Blue solid line: posterior combining dark standard sirens
and GLADE+ K–band catalog information (orange dashed line)
with GW170817 and its EM counterpart (black solid line).
The pink and green shaded areas identify the 68% CI con-
straints onH0 inferred from the CMB anisotropies (Ade et al.
2016) and in the local Universe from SH0ES (Riess et al.
2019) respectively.

Figure 10. Evolution of the Hubble parameter predicted
from the most preferred mass model Power Law + Peak
(blue lines). The yellow shaded area indicates the 90% CL
contours identified by the uniform priors on H0, ⌦m and w0

while the blue shaded area indicates the 90% CL contours
from the posterior of the preferred mass model. The dashed
lines indicate the median of the prior and posterior for H(z)
respectively.

Figure 11. Systematic e↵ects on the inference of the Hubble
constant due to the choice of di↵erent values for the mean µg

of the Gaussian component in the source mass model, and
other population model parameters (upper panel) and dif-
ferent choices for the luminosity band and weighting scheme
adopted for the GLADE+ galaxy catalog (lower panel). The
pink and green shaded areas identify the 68% CI constraints
on H0 inferred from the CMB anisotropies (Ade et al. 2016)
and in the local Universe from SH0ES (Riess et al. 2019)
respectively.

we explored the e↵ect of its variation is the � parameter
in the rate evolution model. In the same plot one can
see the H0 posterior for � = 2.59. This parameter has a
stronger e↵ect on the H0 posterior, making the posterior
less informative and at the same time moving its peak
to higher values.
The galaxy catalog brings additional information only

for GW190814, due to the much better sky localization
(⇠ 18 deg2) for this event; this has the e↵ect of providing
more support for the H0 tension region.
In Fig. 12, we show how population assumptions im-

pact the hierarchical likelihood calculation as a func-
tion of H0, for the hypotheses that the host galaxy is

SHOES: 74.03 ± 1.42

Planck: 67.8 ± 0.9

GW: 68 +8, -6

GW results still consistent 
with Planck  & SHOES, but 
(hopefully) that will change 

with more data

https://arxiv.org/abs/2111.03604
https://doi.org/10.1051/0004-6361/201525830
https://iopscience.iop.org/article/10.3847/1538-4357/ab1422
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         So far, Einstein is getting an A+
• Speed of gravity = speed of light.  
   Measured bounds are −3×10−15 and +7×10−16 of c

• Mass of graviton is still zero, bound is < 1.23×10-23 eV/c2

• GR can explain the signals we measure,  
   “post Newtonian” terms are consistent with 0. 

speed of gravity: https://arxiv.org/abs/1710.05834
tests of GR, GWTC 3: https://arxiv.org/abs/2112.06861

20

FIG. 6. 90% upper bounds on the magnitude of the parametrized test coe�cients discussed in Sec. V A. The bounds were obtained with a
pipeline based on the model SEOBNRv4 ROM, combining all eligible GWTC-3 events, under the assumption that deviations take the same
value for all the events. Filled gray diamonds mark analogous results obtained with GWTC-2 data [11]; in this case, we also show bounds
obtained with a pipeline based on IMRPhenomPv2, that are marked by unfilled black diamonds. Horizontal stripes indicate constraints obtained
with individual events, with cold (warm) colors representing low (high) total mass events. The left and right panel show constraints on PN
deformation coe�cients, from �1PN to 3.5PN order. The best improvement with respect to the GWTC-2 bounds is achieved for the �1PN term,
thanks ot the inclusion of the NSBH candidate GW200115 042309.
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FIG. 7. Combined GWTC-3 results for the parametrized deviation coe�cients of Sec. V A. Filled distributions represent the results obtained
hierarchically combining all events. This method allows the deviation coe�cients to assume di↵erent values for di↵erent events. Unfilled black
curves represent the distributions obtained in Fig. 6, by assuming the same value of the deviation parameters across all events. Horizontal ticks
and dashed white lines mark the 90% credible intervals and median values obtained with the hierarchical analysis.

Along with this leading-order e↵ect, we have included higher-
order PN terms that appear through the inspiral phase [167,
204] of gravitational waveform.

While Kerr BHs have  = 1 [201–203], compact stars have
a value of  that di↵ers from the BH value, determined by the
star’s mass and internal composition. Numerical simulations
of spinning neutron stars show that the value of  can vary be-
tween ⇠2 and ⇠14 for these systems [205–207]. Moreover, for
currently available models of spinning boson stars,  can have
values ⇠10–150 [208–211]. More exotic stars like gravastars
can even take negative values for  [212]. Hence, an indepen-
dent measurement of  from gravitational-wave observations
can be used to distinguish black holes from other exotic ob-

jects [213–216]. However, to fully understand the nature of
compact objects, one may also include e↵ects such as the tidal
deformations that arise due to the external gravitational field
[217–220] and tidal heating [221–226] along with the spin-
induced deformations, an extensive study of these e↵ects is not
in the scope of this paper.

For a spinning compact binary system, the coe�cients i,
i = 1, 2 represent the primary and secondary components’
spin-induced quadrupole moment parameters. The correlation
of i with the masses and spin parameters of the binary are
evident from Eq. (6), which makes the simultaneous estima-
tion of 1 and 2 hard. The higher-order terms present at the
3PN order help break this degeneracy, but are not enough to

https://arxiv.org/abs/1710.05834
https://arxiv.org/abs/2112.06861
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There is so much more…

55C. Moore et al, GWplotter.com

10 msec2 minutes1 week1 year

aLIGO

http://gwplotter.com/
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There is so much more…

NanoGrav



G2501464

Pulsar timing

57

NANOgrav (USA) uses 68 pulsars

https://nanograv.org https://www.nsf.gov/news/mmg/media/images/vlasunrisejuly2008_h.jpg

Use the “tick, tick, tick” of pulsars to 
measure space getting stretched by 

gravitational waves

The “arms” are a few thousand 
lightyears long!

Measure correlations

https://nanograv.org
https://www.nsf.gov/news/mmg/media/images/vlasunrisejuly2008_h.jpg
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NANOgrav (USA) uses 68 pulsars

https://nanograv.org https://www.nsf.gov/news/mmg/media/images/vlasunrisejuly2008_h.jpg

Use the “tick, tick, tick” of pulsars to 
measure space getting stretched by 

gravitational waves

The “arms” are a few thousand 
lightyears long!

Measure correlations

also PPTA, EPTA, InPTA, CPTA, MPTA 
IPTA (International PTA)

NANOgrav 15 year data release, June 29, 2023

https://nanograv.org
https://www.nsf.gov/news/mmg/media/images/vlasunrisejuly2008_h.jpg
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LISA mission highlights

59https://sci.esa.int/web/lisa/-/46429-the-lisa-spacecraft-constellation

• 3 spacecraft orbiting the sun
• orbits yield ~stable triangle
• arms are 2.5 million km!
• ESA official approved LISA  
     Jan 25, 2024 !

• 2035 launch

K. Danzmann, P. Amaro-Seoane, et al, 
"Laser Interferometer Space Antenna", 

2017, arXiv:1702.00786
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t UISFF TFUT PGNBOPFVWSFT GPS ĕOBM USBOTGFS PSCJU JOKFD�

UJPO QFSGPSNFE CZ UIF QSPQVMTJPO BOE 4�$ DPNQPTJUF
NPEVMFT� 4FF 4FDUJPO ����� GPS EFUBJMT�

��� -BVODIFS

ćF SFDPNNFOEFE PQUJPO GPS -*4" JT UP VTF POF PG
UIF "SJBOF � GBNJMZ PG MBVODI WFIJDMFT
 XJUI B EFE�
JDBUFE "SJBOF ��� MBVODI CFJOH UIF QSFGFSSFE PQUJPO�
8JUI B MBVODI DBQBDJUZ EJSFDUMZ JOUP BO FTDBQF USBKFD�
UPSZ PG �
��� LH
 UIF "SJBOF ��� JT WFSZ XFMM TVJUFE UP
UIF -*4" MBVODI SFRVJSFNFOUT BOE UIF SFGFSFODF PSCJU
EFTDSJCFE JO 4FDUJPO ��� JT CBTFE PO UIF DBQBCJMJUJFT PG
UIJT MBVODIFS� ćF DBQBDJUZ PG "SJBOF ��� JT MJNJUFE
 BOE
JU JT FYUSFNFMZ MJLFMZ UIBU BOZ NJTTJPO TJ[FE UP ĕU XJUIJO
JU XPVME CF TJHOJĕDBOUMZ DPNQSPNJTFE JO UFSNT PG DB�
QBCJMJUZ� 4JNJMBSMZ
 JU JT MJLFMZ UIBU UIF DPOTUSBJOUT BOE
DPNQMFYJUZ PG B MBVODI UP (FPTUBUJPOBSZ 5SBOTGFS 0S�
CJU
 DPNCJOFE XJUI UIF OFFE UP ĕOE B TVJUBCMF QBSUOFS

NBLF B TIBSFE "SJBOF ��� MBVODI VOBUUSBDUJWF�

��� $PODFQU PG 0QFSBUJPOT

&BDI 4�$ JT FRVJQQFE XJUI JUT PXO QSPQVMTJPO NPEVMF
UP SFBDI UIF EFTJSFE PSCJU� %VSJOH UIJT DSVJTF QIBTF

DIFDLPVU BOE UFTUJOH PG TPNF FRVJQNFOU DPVME BMSFBEZ
CFHJO� 0ODF UIF 4�$ IBWF CFFO JOTFSUFE JOUP UIFJS DPS�
SFDU PSCJUT BOE UIF QSPQVMTJPO NPEVMFT KFUUJTPOFE
 UIF
UISFF 4�$ NVTU CF QSFQBSFE UP GPSN B TJOHMF XPSL�
JOH PCTFSWBUPSZ CFGPSF TDJFODF PQFSBUJPOT DBO CF FT�
UBCMJTIFE� ćJT JODMVEFT UIF SFMFBTF PG UIF UFTU NBTTFT
BOE FOHBHJOH UIF %SBH�'SFF "UUJUVEF $POUSPM 4ZTUFN
	%'"$4
� ćJT QSPDFTT
 DPOTUFMMBUJPO BDRVJTJUJPO BOE
DBMJCSBUJPO
 JT EFTDSJCFE JO 4FDUJPO ������ 'PMMPXJOH
BDRVJTJUJPO BOE DBMJCSBUJPO
 -*4" XPVME FOUFS UIF QSJ�
NBSZ TDJFODF NPEF� "U UIJT UJNF
 BMM UFTU NBTTFT JOTJEF
UIF UISFF 4�$ XJMM CF JO GSFF GBMM BMPOH UIF MJOFT PG TJHIU
CFUXFFO UIF 4�$� $BQBDJUJWF TFOTPST TVSSPVOEJOH FBDI
UFTU NBTT XJMM NPOJUPS UIFJS QPTJUJPO BOE PSJFOUBUJPO
XJUI SFTQFDU UP UIF 4�$� %'"$4 XJMM VTF NJDSP�/FXUPO
UISVTUFST UP TUFFS UIF 4�$ UP GPMMPX UIF UFTUNBTTFT BMPOH
UIF UISFF USBOTMBUJPOBM EFHSFFT�PG�GSFFEPN
 VTJOH JO�
UFSGFSPNFUSJD SFBEPVU XIFSF BWBJMBCMF
 BOE DBQBDJUJWF
TFOTJOH GPS UIF SFNBJOJOH EFHSFFT�PG�GSFFEPN� &MFD�
USPTUBUJD BDUVBUPST BSF VTFE UP BQQMZ UIF SFRVJSFE GPSDFT
BOE UPSRVFT JO BMM PUIFS EFHSFFT PG GSFFEPN UP UIF UFTU
NBTTFT� -BTFS JOUFSGFSPNFUSZ JT VTFE UP NPOJUPS UIF
EJTUBODF DIBOHFT CFUXFFO UIF UFTU NBTTFT BOE UIF PQ�
UJDBM CFODI 	0#
 JOTJEF FBDI 4�$� ćFTF UFDIOPMPHJFT
IBWF CFFO EFNPOTUSBUFE CZ UIF -*4" 1BUIĕOEFS NJT�
TJPO�
ćF MPOH�CBTFMJOF MBTFS JOUFSGFSPNFUFS PS TDJFODF JO�
UFSGFSPNFUFS JT VTFE UP NFBTVSF DIBOHFT JO UIF EJT�
UBODF CFUXFFO UIF PQUJDBM CFODIFT XIJMF B UIJSE JO�
UFSGFSPNFUFS TJHOBM NPOJUPST UIF EJČFSFOUJBM MBTFS GSF�
RVFODZ OPJTF CFUXFFO UIF UXP MPDBM MBTFS TZTUFNT� "MM
JOUFSGFSPNFUFS TJHOBMT BSF DPNCJOFE PO HSPVOE UP EF�
UFSNJOF UIF EJČFSFOUJBM EJTUBODF DIBOHFT CFUXFFO UXP
QBJST PG XJEFMZ TFQBSBUFE UFTU NBTTFT� 4DJFODF .PEF
XPVME GFBUVSF OFBS�DPOUJOVPVT PQFSBUJPO PG UIF TZTUFN
BU UIF EFTJHO TFOTJUJWJUZ� ćF TZTUFN EFTJHO TIPVME CF
TVDI UIBU
 JO TDJFODF NPEF
 FYUFSOBM QFSUVSCBUJPOT UP
UIF TZTUFN BSFNJOJNJTFE BOE JO QBSUJDVMBS UIF CBTFMJOF
EFTJHO EPFT OPU SFRVJSF TUBUJPO LFFQJOH PS PSCJU DPS�
SFDUJPO NBOPFVWSFT� *O MJOF XJUI UIF TDJFODF SFRVJSF�
NFOUT PO EBUB MBUFODZ
 DPNNVOJDBUJPOT XPVME PDDVS
PODF QFS EBZ GPS B EVSBUJPO PG BQQSPYJNBUFMZ � IPVST�
ćFSF BSF UXP QSJODJQBM FWFOUT XIJDI XJMM DBVTF TPNF
EJTSVQUJPO UP UIF TDJFODF NPEF PG PQFSBUJPOT� UIFTF
BSF SF�QPJOUJOH PG UIF BOUFOOBT BOE SF�DPOĕHVSBUJPO
PG UIF MBTFS MPDLJOH UP NBJOUBJO UIF CFBU OPUFT XJUIJO
UIF QIBTFNFUFS CBOEXJEUI
 UIFTF BSF DPWFSFE JO NPSF
EFUBJM JO 4FDUJPOT ��� BOE ��� SFTQFDUJWFMZ� *O BEEJUJPO
UP UIF NBJO TDJFODF NPEF
 B TQFDJBM QSPUFDUFE QFSJPE

-*4" o �� .*44*0/ 130'*-& 1BHF ��

https://sci.esa.int/web/lisa/-/46429-the-lisa-spacecraft-constellation
https://arxiv.org/abs/1702.00786
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60https://cosmicexplorer.org/img/local/Overview3_V2.jpg 
Artist’s impression of a Cosmic Explorer observatory. (Credit: Angela 
Nguyen, Virginia Kitchen, Eddie Anaya, California State University Fullerton)

Cosmic Explorer

Einstein Telescope

https://www.et-gw.eu 

European concept 
10 km triangle 
underground
(other config’s possible)

US concept 
40 km & 20 km ‘L’ 

(other config’s possible)

https://cosmicexplorer.org/img/local/Overview3_V2.jpg
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
https://www.et-gw.eu
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Science w/ Einstein Telescope 
& Cosmic Explorer

61https://doi.org/10.48550/arXiv.2109.09882 

3 Overview

Figure 3.4: Astrophysical horizon of current and proposed future detectors for compact binary systems.
As in the bottom of Fig. �.�, the lines indicate the maximum redshift at which a detection with signal-to-
noise ratio � could be made. The detectors shown here are Advanced LIGO during its third observing run
(“O�”), Advanced LIGO at its anticipated sensitivity for the fifth observing run (“A+”), a possible cryogenic
upgrade of LIGO called Voyager (“Voy”), the Einstein Telescope (“ET”), and Cosmic Explorer (“CE”, see
§� for observatory descriptions). The yellow and white dots are for a simulated population of binary
neutron star mergers and binary black hole mergers, respectively, following Madau and Dickinson [��]
with a characteristic binary merger time of ���million years.
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It’s an exciting time!
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GW190521 in LIGO Hanford, LIGO Livingston, Virgo

4

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.
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slides are at LIGO’s Document Control Center
https://dcc.ligo.org/G2501464/public

Lantz, Brian
G2501464

G2501464

https://dcc.ligo.org/G2501464/public


G2501464

Other good links:
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GravitySPY - citizen science to improving the LIGO detectors
https://www.zooniverse.org/projects/zooniverse/gravity-spy

LIGO Lab home page
https://www.ligo.caltech.edu/

Stanford group homepage
https://ligo.stanford.edu/

Gravitational Wave Open Science Center
https://gwosc.org/
  Download and analyze the data yourself

Today’s detector status
https://gwosc.org/detector_status/ 

Latest Candidate Events
https://gracedb.ligo.org/ 

https://www.zooniverse.org/projects/zooniverse/gravity-spy
https://www.ligo.caltech.edu/
https://ligo.stanford.edu/
https://gwosc.org/
https://gwosc.org/detector_status/
https://gracedb.ligo.org/
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m1 = 34.6+4.4
−2.6 m2 = 30.0+2.9

−4.6 M⊙

m1 = 33.6+1.2
−0.8 m2 = 32.2+0.8

−1.3 M⊙

spins < 0.65, 0.75

spins < 0.24, 0.26

spins of GW150914: arXiv:1606.01210
masses of GW150914: arXiv:2108.01045

GW250114: arXiv:2509.08099

https://www.ligo.caltech.edu/news/ligo20250910
https://arxiv.org/abs/1606.01210
https://arxiv.org/abs/2108.01045
https://arxiv.org/abs/2509.08099
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The population of black holes 
we see has clear peaks
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Figure 3. Di!erential merger rate as a function of primary mass (evaluated at z = 0.2) of the Broken Power Law + 2
Peaks model (orange) and B-Spline model (blue) compared to the Power Law + Peak model from GWTC-3.0 (Abbott et al.
2023a). The solid lines indicate the posterior medians and the shaded regions show the 90% credible interval of each model.
Comparing these results, it is clear that a single power law is a poor description of the the low-mass end of the spectrum.

which exhibits a local peak at m1 = 33.5+2.2
→4.5 M↑, con-

sistent with other models that employ a weakly modeled
approach in Appendix D.4.
Additional structure may be present in the

mass spectrum. A bump near →20M↑ is present
in some of the weakly modeled approaches (see Fig-
ure 20 in Appendix D.4). We cannot conclude with
the strongly modeled approach whether adding a third
Gaussian component to the Broken Power Law + 2
Peaks model in this region is required by the data or not
(as quantified by the log Bayes factor log10 B = ↑0.34
between the default model and one including a third
peak). This feature was first reported in an analysis of
GWTC-2.0 (Tiwari & Fairhurst 2021) and was present
in several analyses of GWTC-3.0 (Abbott et al. 2023a;
Edelman et al. 2023; Tiwari 2023; Godfrey et al. 2023).
Additionally, the B-Spline and other weakly modeled
approaches show a rise in the merger rate relative to the
Broken Power Law + 2 Peaks result in the →60M↑
region, which can be seen in Figure 3 and Figure 20. A
previous study of GWTC-3.0 found evidence for a simi-
lar feature in this region (Magaña Hernandez & Palmese
2025).

We do not place informative constraints on the indi-
vidual parameters that govern low-mass smoothing for
the Broken Power Law + 2 Peaks model. We cau-
tion against astrophysically interpreting the BBH pri-
mary mass distribution below →8M↑ because of the bias
that may be introduced by removing the probable NS-
containing events in the manner described in Section 3.

Removing such events is responsible for the discrepancy
below →8M↑ between Figure 2 and Figure 3.

GWTC-4.0 includes an exceptional high-mass BBH,
GW231123 (Abac et al. 2025e), whose inferred compo-
nent masses lie at the extreme upper end of those in our
dataset. To check if GW231123 is an outlier with respect
to the mass distribution of BBHs, we construct mock
catalogs containing 153 detected events following the in-
ferred population without GW231123, and calculate the
distribution of maximum detectable BH masses. The
total mass of GW231123 lies at the 87+6

→10th percentile
of this distribution. This shows that while GW231123
lies in the tail of the distribution, its total mass is con-
sistent with the inferred mass spectrum; the degree of
consistency is more than was the case with GWTC-3.0
data alone (Abac et al. 2025e).

The main compact binary formation scenarios (Man-
del & Farmer 2022 and references therein)—isolated bi-
nary evolution and dynamical assembly in dense stellar
environments—have both been shown to produce popu-
lations consistent with current observations (Mandel &
Broekgaarden 2022). A peak near m1 → 10M↑ is often
predicted by isolated binary evolution models (Dominik
et al. 2015; Belczynski et al. 2020; Giacobbo & Mapelli
2018; Wiktorowicz et al. 2019; Neijssel et al. 2019), while
mass distributions from dynamical formation, such as in
young and globular clusters, typically peak above 10M↑
(Rodriguez et al. 2016a; Hong et al. 2018; Rodriguez
et al. 2019; Banerjee 2021; Antonini & Gieles 2020).
However, predictions from isolated and dynamical for-
mation often overlap and can vary significantly based

https://arxiv.org/abs/2508.18083v2 

https://arxiv.org/abs/2508.18083v2
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Earthquake near KAGRA

67
Google earth & USGS earthquake map

On Jan 1, 2024 there 
was a M7.5 EQ about 75 
miles from the KAGRA 

detector.
At least 239 Japanese 
fatalities and major 
damage in the area.

KAGRA had no fatalities and no significant damage to the mine 
tunnels, but detector is damaged, extent is still ?? 

https://earthquake.usgs.gov/earthquakes/map
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more power & squeezing

new coatings

technical improvements 
(controls, scattered light, etc) 

‘frequency dependent’ 
squeezing
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A 40 km facility with all new technology 

March, 2018 M. Evans, LVC Sonoma 12 
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LIGO noise budget
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Noise Budget

Capote, LIGO-G2401844 Instrument Science LVK 13

See LHO:80215 for detailsE. Capote G2401844 see LHO:80215 for details

Angle sensing 
& control

Length 
sensing & 
control

Seism
ic N

oise

QuantumThermal

https://dcc.ligo.org/G2401844
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=80215
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� *OUSPEVDUJPO

ćF HSPVOECSFBLJOH EJTDPWFSZ PG (SBWJUBUJPOBM 8BWFT
	(8T
 CZ HSPVOE�CBTFE MBTFS JOUFSGFSPNFUSJD EFUFD�
UPST JO ���� JT DIBOHJOH BTUSPOPNZ <�> CZ PQFOJOH
UIF IJHI�GSFRVFODZ HSBWJUBUJPOBM XBWF XJOEPX UP PC�
TFSWF MPX NBTT TPVSDFT BU MPX SFETIJę� ćF 4FOJPS
4VSWFZ $PNNJUUFF 	44$
 <�> TFMFDUFE UIF -� TDJFODF
UIFNF
 ćF (SBWJUBUJPOBM 6OJWFSTF <�>
 UP PQFO UIF ���
UP ���N)[ (SBWJUBUJPOBM 8BWF XJOEPX UP UIF 6OJ�
WFSTF� ćJT MPX�GSFRVFODZ XJOEPX JT SJDI JO B WBSJFUZ
PG TPVSDFT UIBU XJMM MFU VT TVSWFZ UIF 6OJWFSTF JO B OFX
BOE VOJRVF XBZ
 ZJFMEJOH OFX JOTJHIUT JO B CSPBE SBOHF
PG UIFNFT JO BTUSPQIZTJDT BOE DPTNPMPHZ BOE FOBCMJOH
VT JO QBSUJDVMBS UP TIFE MJHIU PO UXP LFZ RVFTUJPOT� 	�

)PX
 XIFO BOE XIFSF EP UIF ĕSTU NBTTJWF CMBDL IPMFT
GPSN
 HSPX BOE BTTFNCMF
 BOE XIBU JT UIF DPOOFDUJPO
XJUI HBMBYZ GPSNBUJPO 	�
 8IBU JT UIF OBUVSF PG HSBW�
JUZ OFBS UIF IPSJ[POT PG CMBDL IPMFT BOE PO DPTNPMPHJ�
DBM TDBMFT 
8F QSPQPTF UIF -*4" NJTTJPO JO PSEFS UP SFTQPOE UP
UIJT TDJFODF UIFNF JO UIF CSPBEFTU XBZ QPTTJCMF XJUIJO
UIF DPOTUSBJOFE CVEHFU BOE HJWFO TDIFEVMF� -*4" FO�
BCMFT UIF EFUFDUJPO PG (8T GSPN NBTTJWF CMBDL IPMF
DPBMFTDFODFT XJUIJO B WBTU DPTNJD WPMVNF FODPNQBTT�
JOH BMM BHFT
 GSPN DPTNJD EBXO UP UIF QSFTFOU
 BDSPTT
UIF FQPDIT PG UIF FBSMJFTU RVBTBST BOE PG UIF SJTF PG
HBMBYZ TUSVDUVSF� ćF NFSHFS�SJOHEPXO TJHOBM PG UIFTF
MPVE TPVSDFT FOBCMFT UFTUT PG &JOTUFJO�T (FOFSBM ćFPSZ
PG 3FMBUJWJUZ 	(3
 JO UIF EZOBNJDBM TFDUPS BOE TUSPOH�
ĕFME SFHJNF XJUI VOQSFDFEFOUFE QSFDJTJPO� -*4" XJMM
NBQ UIF TUSVDUVSF PG TQBDFUJNF BSPVOE UIF NBTTJWF
CMBDL IPMFT UIBU QPQVMBUF UIF DFOUSFT PG HBMBYJFT VTJOH
TUFMMBS DPNQBDU PCKFDUT BT UFTU QBSUJDMF�MJLF QSPCFT� ćF
TBNF TJHOBMT XJMM BMTP BMMPX VT UP QSPCF UIF QPQVMBUJPO
PG UIFTF NBTTJWF CMBDL IPMFT BT XFMM BT BOZ DPNQBDU PC�
KFDUT JO UIFJS WJDJOJUZ� " TUPDIBTUJD (8 CBDLHSPVOE PS
FYPUJD TPVSDFT NBZ QSPCF OFX QIZTJDT JO UIF FBSMZ 6OJ�
WFSTF� "EEFE UP UIJT MJTU PG TPVSDFT BSF UIF OFXMZ EJTDPW�
FSFE -*(0�7JSHP IFBWZ TUFMMBS�PSJHJO CMBDL IPMF NFSH�
FST
 XIJDIXJMM FNJU(8T JO UIF -*4"CBOE GSPN TFWFSBM
ZFBST VQ UP B XFFL QSJPS UP UIFJS NFSHFS
 FOBCMJOH DPPS�
EJOBUFE PCTFSWBUJPOT XJUI HSPVOE�CBTFE JOUFSGFSPNF�
UFST BOE FMFDUSPNBHOFUJD UFMFTDPQFT� ćF WBTU NBKPSJUZ
PG TJHOBMT XJMM DPNF GSPN DPNQBDU HBMBDUJD CJOBSZ TZT�
UFNT
 XIJDI BMMPX VT UP NBQ UIFJS EJTUSJCVUJPO JO UIF
.JMLZ 8BZ BOE JMMVNJOBUF TUFMMBS BOE CJOBSZ FWPMVUJPO�
-*4" CVJMET PO UIF TVDDFTT PG -*4" 1BUIĕOEFS
	-1'
 <�>
 UXFOUZ ZFBST PG UFDIOPMPHZ EFWFMPQNFOU

BOE UIF (SBWJUBUJPOBM 0CTFSWBUPSZ "EWJTPSZ 5FBN
	(0"5
 SFDPNNFOEBUJPOT� -*4" XJMM VTF UISFF BSNT

BOE UISFF JEFOUJDBM TQBDFDSBę 	4�$
 JO B USJBOHVMBS GPS�
NBUJPO JO B IFMJPDFOUSJD PSCJU USBJMJOH UIF &BSUI CZ
BCPVU ��○� ćF FYQFDUFE TFOTJUJWJUZ BOE TPNF QPUFO�
UJBM TJHOBMT BSF TIPXO JO 'JHVSF ��

'JHVSF �� &YBNQMFT PG (8 TPVSDFT JO UIF GSF�
RVFODZ SBOHF PG -*4"
 DPNQBSFE XJUI JUT TFOTJ�
UJWJUZ GPS B ��BSNDPOĕHVSBUJPO� ćFEBUB BSF QMPU�
UFE JO UFSNT PG EJNFOTJPOMFTT ADIBSBDUFSJTUJD TUSBJO
BNQMJUVEF� <�>� ćF USBDLT PG UISFF FRVBMNBTT CMBDL
IPMF CJOBSJFT
 MPDBUFE BU z = 3 XJUI UPUBM JOUSJO�
TJD NBTTFT 107
 106 BOE 105M⊙
 BSF TIPXO� ćF
TPVSDF GSFRVFODZ 	BOE 4/3
 JODSFBTFT XJUI UJNF

BOE UIF SFNBJOJOH UJNF CFGPSF UIF QMVOHF JT JOEJ�
DBUFE PO UIF USBDLT� ćF � TJNVMUBOFPVTMZ FWPMW�
JOH IBSNPOJDT PG BO &YUSFNF .BTT 3BUJP *OTQJSBM
TPVSDF BU z = 1.2 BSF BMTP TIPXO
 BT BSF UIF USBDLT PG
B OVNCFS PG TUFMMBS PSJHJO CMBDL IPMF CJOBSJFT PG UIF
UZQF EJTDPWFSFE CZ -*(0� 4FWFSBM UIPVTBOE HBMBD�
UJD CJOBSJFT XJMM CF SFTPMWFE BęFS B ZFBS PG PCTFS�
WBUJPO� 4PNF CJOBSZ TZTUFNT BSF BMSFBEZ LOPXO

BOE XJMM TFSWF BT WFSJĕDBUJPO TJHOBMT� .JMMJPOT PG
PUIFS CJOBSJFT SFTVMU JO B ADPOGVTJPO TJHOBM�
 XJUI B
EFUFDUFE BNQMJUVEF UIBU JT NPEVMBUFE CZ UIF NP�
UJPO PG UIF DPOTUFMMBUJPO PWFS UIF ZFBS� UIF BWFSBHF
MFWFM JT SFQSFTFOUFE BT UIF HSFZ TIBEFE BSFB�

"O PCTFSWBUPSZ UIBU DBO EFMJWFS UIJT TDJFODF JT EF�
TDSJCFE CZ B TFOTJUJWJUZ DVSWF XIJDI
 CFMPX �N)[
 XJMM
CF MJNJUFE CZ BDDFMFSBUJPO OPJTF BU UIF MFWFM EFNPO�
TUSBUFE CZ -1'� *OUFSGFSPNFUSZ OPJTF EPNJOBUFT BCPWF
�N)[
 XJUI SPVHIMZ FRVBM BMMPDBUJPOT GPS QIPUPO TIPU
OPJTF BOE UFDIOJDBM OPJTF TPVSDFT� 4VDI B TFOTJUJWJUZ
DBO CF BDIJFWFE XJUI B ���NJMMJPO LN BSN�MFOHUI DPO�
TUFMMBUJPO XJUI �� DN UFMFTDPQFT BOE �8 MBTFS TZTUFNT�
ćJT JT DPOTJTUFOU XJUI UIF (0"5 SFDPNNFOEBUJPOT
BOE
 CBTFE PO UFDIOJDBM SFBEJOFTT BMPOF
 B MBVODINJHIU
CF GFBTJCMF BSPVOE ����� 8F QSPQPTF BNJTTJPO MJGFUJNF
PG � ZFBST FYUFOEBCMF UP �� ZFBST GPS -*4"�

1BHF � -*4" o �� */530%6$5*0/

LISA will see lots of new sources

• Galactic binaries

• Massive Black Hole 
Binaries

• Extreme Mass Ratio 
Inspirals 
- map out the spacetime 
of large BHs by tracking 
100s of orbits of stellar 
mass BHs as they fall in…

• ‘Early phase’ merger of 
LVK events
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Watch for changes…
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Spectrogram - 1 day at LLO
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Watch for changes…
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Spectrogram - 1 day at LLONormalized

12:41 UTC
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range in O4a

74https://ldas-jobs.ligo.caltech.edu/~detchar/summary/O4a/ 

LIGO Livingston

LIGO Hanford

Virgo (commissioning)

(range in O1 was 70-80 MPc)

https://ldas-jobs.ligo.caltech.edu/~detchar/summary/O4a/
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O3a network range: <https://summary.ligo.org/~detchar/summary/1238166018-1253977218/range/>
O2 network range: <https://summary.ligo.org/~detchar/summary/1164556817-1187733618/range/>
O1 network range: <https://summary.ligo.org/~detchar/summary/1126623617-1136649617/range/>

Range

75

rates: GWTC-1:
BNS: 1.1e-4 - 3.8e-3 /MPc3-kYr

https://doi.org/10.1103/PhysRevX.9.031040

https://summary.ligo.org/~detchar/summary/1238166018-1253977218/range/
https://summary.ligo.org/~detchar/summary/1164556817-1187733618/range/
https://summary.ligo.org/~detchar/summary/1126623617-1136649617/range/

