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 Colleagues who ‘lent’ slides and images
» Dave Reitze, Jan Harms, Alessandra Buonanno, Daniel 

Reardon, Karan Jani, Many LIGO Lab folk, LVKfolk…

 NSF – a remarkable institution giving robust, sustained, 
courageous support for LIGO

Thanks
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Talk Roadmap
 Terrestrial Observatories/detectors
 Pulsar Timing Array observations
 Plans for free flying space observatories
 …the Moon
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Rai Weiss, MIT
(1932-2025)

Early LIGO History

This is the Seminal Paper in GW Interferometry. Yet wasn’t published in an archival journal until 2022
R. Weiss, “Electromagnetically Coupled Broadband Gravitational Antenna”, General Relativity and Gravitation (2022) 54:153

It’s about:
i) Arm length
ii) Understanding 
and minimizing 
noises

https://link.springer.com/article/10.1007/s10714-022-03021-3
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September 2015: The First Direct Observation of Gravitational 
Waves from a Binary Black Hole Merger

Sept 15, 2025
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LIGO Laboratory 6

Nature

4 km
arm length

4 km arm length

Terrestrial detectors: LIGO, Virgo, KAGRA

Passing GWs stretch and compress the distance between the end test mass and the beamsplitter, 
altering the arrival time of the light traveling in each arm --> One arm gets longer, one arm gets shorter

The interferometer acts as a transducer, turning GWs into photocurrent --> A coherent detector!

h( f ) = ΔL
L
( f )
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Useful paradigm in considering 
limits to detector sensitivity

 Ability to measure the position of our test mass
» Quantum noise 
» Scattered light
» Laser light defects – intensity, position, 

mode shape, frequency noise
» Laser path noise fluctuations
» Electronics noise

 True noise motions of the reference surface on 
our ‘free test mass’ which can mask GWs
» Thermal noise
» Radiation pressure
» Environmental mechanical forces – 

seismic, anthropogenic, weather
» Stray electric, magnetic fields
» Accidental noise forces from

control systems and sensors7



LIGO-G1901071

The more complete story

8
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The Advanced LIGO Interferometers
Active Seismic Isolation

Input Optics

Output Mode Cleaner

Pre-stabilized Laser
130W , 1064 nm

‘Squeezed’ Light Generator

40 kg ‘Test 
Mass’ Mirror

Quadruple Suspension
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An Abridged Astrophysical Gravitational-Wave Source Catalog
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LIGO and Virgo observations through O4a

<Detector Strain Sensitivity> ~ Range                    # of detections ~ Range^3
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Binary Black Hole (BBH) Properties: Population and Merger Rates 

Abac, et al., (LIGO Scientific Collaboration, Virgo Collaboration, KAGRA Collaboration) “GWTC-4.0: Population Properties of Merging Compact Binaries”, 
https://arxiv.org/pdf/2508.18083

https://arxiv.org/pdf/2508.18083
https://arxiv.org/pdf/2508.18083
https://arxiv.org/pdf/2508.18083
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Black Holes and Neutron Stars throughout cosmic time
 The best understood source of 

gravitational wave emissions are 
compact binary systems.

 Can build a detector able see all 
binaries in a broad range of masses
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Evolution of terrestrial Observatories

Cosmic Explorer (USA): 2035+
40 km arm lengths

Einstein Telescope (Europe): 2035+
10-15 km arm lengths

LIGO-India: 2030+
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ET+CE:  All stellar-mass Black Holes in the Universe within reach

Credit: CE Team
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The International Pulsar Timing Array (IPTA)
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Using Neutron Stars as Test Masses:
Pulsar Timing Array observations of GWs
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Passing GW modulates signal phase

19Nature
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It is, at last, an international collaboration

20
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Data processing is not simple

21
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But there is now clear evidence of a GW signal

22
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Telescopes contributing to the next IPTA data release
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LISA planned launch 2035; data 2037-8
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Taiji – A Chinese 
mission like LISA

29



LIGO-G1901071

…And  a second Chinese effort:

30
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● Similar design sensitivities 
● Potentially similar timelines
● Some discussion of collaboration
● Could e.g., enable stochastic 

background measurement

● Clearly also a competitive 
environment

32

Free flyers for the near future
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Jan Harms

Gran Sasso Science Institute
INFN - LNGS
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Mission Concept
NASA Apollo 17

LGWA is an 
evolution of the 
Lunar Surface 
Gravimeter deployed 
on the Moon with 
Apollo 17 in 1972

Diameter of order 1km

Deployment of sensor array inside 
a permanently shadowed region 
(PSR)

Measure oscillations 
of the Moon caused by GWs 

16/09/2025 Status of LGWA @ San Benedetto 
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Key Mission Features

• Femtometer precise ground-vibration 
measurement to observe the lunar response to 
gravitational waves (GWs)

• Exploiting the extremely low seismic background 
on the Moon

• Exploiting the extremely low temperature and 
high temperature stability inside permanently 
shadowed regions at the lunar poles

• Station array to mitigate the noise from the 
seismic background in post-processing

16/09/2025 Status of LGWA @ San Benedetto 
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Soundcheck
(PSR geophysical explorer)

LGWA
 (GW observatory)

Number of seismic 
stations

1 seismic station (two horizontal channels) 
deployed on ground

4 seismic stations (each with two horizontal 
channels) deployed on ground and forming a 
kilometer-scale array

Displacement sensitivity <1pm/Hz1/2 between 0.1-1Hz <1pm/Hz1/2 at 0.1Hz, <fm/Hz1/2 at 1Hz

Deployment site Inside any PSR (<100K) Inside PSR with T<40K

Proof-mass material Niobium Niobium or silicon

Proof-mass temperature Ambient PSR temperature (<100K) Cooled to 4K with low-vibration cryocooler

Readout Laser interferometric Laser interferometric or through 
superconducting coils and SQUIDs

Targeted mission lifetime 2 months 10 years

16/09/2025 Status of LGWA @ San Benedetto 

Soundcheck selected in 2020 by ESA into the 
Reserve Pool of Science Activities for the Moon
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The LGWA Payload Concept
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2

4

3

J Appl Phys 131, 244501, 2023

J van Heijningen, VU Amsterdam

Ultra-high quality mechanical
structure

Vibration free sorption cooling

Quantum limited readout

Microradian precision leveling
at cryo-temperatures

3
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Farside Seismic Suite

Time
2025 2027 2029 2031 2033 2035 2037 2039 2041 2043 2045

LGWA technology 
development

Soundcheck payload

LGWA payload LGWA data

LGWA technologies 
at TRL6

Soundcheck 
deployment

LGWA 
deployment

Conceivable Timeline

LISA mission

Einstein Telescope / Cosmic Explorer 

Chang’e 7

Soundcheck data

Extended lifetime

ASI funding

16/09/2025 Status of LGWA @ San Benedetto 
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…and LILA, of course!

39
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10-9 Hz 10-4 Hz 100 Hz 103 Hz

Relic radiation
Cosmic Strings

Supermassive BH Binaries

Extreme Mass Ratio
Inspirals

BH and NS 
Binaries

Binaries coalescences Spinning NS

Supernovae

10-16 Hz
Inflation Probes Pulsar timing Space detectors Ground interferometers

Laser Interferometer
Gravitational Wave
Observatory

Probing the gravitational-wave spectrum

VLA: Today

LISA: 2036Green Bank: Today
BICEP/Keck Array: Today

Today
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Searching for Compact Binary Coalescences

Binary BH-BH system

This source:

“Chirp” waveform

h(t)

Produces this waveform:

Buried in this noise stream:

We use different methods (in 
this case optimal Wiener 
filtering using matched 
templates) to pull these 
signals from the noise:   

Simulation: Reed Essick, LIGO MIT
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Compact binary 
inspiral, merger, ringdown

 NS/BH parameters encoded in the 
waveforms: 
» Constituent masses, constituent spins, 

sky location, luminosity distance, 
orbital inclination, time of arrival

» A 15 total of parameters
– Initial masses: inspiral phase ~ chirp 

mass 
– Final mass ~ merger frequency
– Distance: GW amplitude + masses
– (most difficult) Spin ~ precession

 Intrinsic degeneracies make 
parameter estimation difficult

 The SNR of the waveform matters
» often buried in detector noise; lower 

SNR obscures parameter estimation

Inspiral                            Merger Ringdown

44
chirp mass: 
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Gravitational-wave Science is Sensitivity Driven

45

1) Rates

    Nevents = <R>VT

<R>: average astrophysical rate
V: volume of the universe probed à (Range)3 
T: observing time

2) Many sources require higher 
SNR to uncover new astrophysics  
- tidal disruption in BNS mergers
- tests of alternative theories of gravity
- Black hole ringdowns
- Stochastic background
- Isolated neutron stars
- Galactic supernova
- .... 

2019 2020 2021 2022 2023 2024 2025 2026 2027
Calendar year

100

101

102

103

Vo
lu

m
e 

x 
Ti

m
e 

(in
 u

ni
ts

 o
f O

3 
BN

S)

running at O3 sensitivity
running at O4 sensitivity
running at O5 sensitivity

Vera Rubin LSST 
Survey

Binary Neutron Stars

~2X

~6X
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The ability to localize GW events depends 
on:
 The number of GW detectors online

» More is better!
» Also depends on sensitivities of the observatories  

 Location of the GW source on the sky
» Optimal positions for GW observatory network

 Distance to event  -> larger (‘louder’) 
signal

» Closer is better!

 The parameters of the GW source -> 
larger (‘louder’) signal

» Masses, orbital orientation 

 Coincidence with other ‘messengers’
» Gamma rays, X-ray, UV, optical/IR, radio, 

neutrinos  

46

Localizing Gravitational-wave 
Events: ‘It’s Complicated’

GW190814 (black hole - ?? merger)
90% localization contour: 23 deg2
50% localization contour: 5 deg2
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The ability to localize GW events depends 
on:
 The number of GW detectors online

» More is better!
» Also depends on sensitivities of the observatories  

 Location of the GW source on the sky
» Optimal positions for GW observatory network

 Distance to event  -> larger (‘louder’) 
signal

» Closer is better

 The parameters of the GW source -> 
larger (‘louder’) signal

» Masses, orbital orientation 

 Coincidence with other ‘messengers’
» Gamma rays, X-ray, UV, optical/IR, radio, 

neutrinos  
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Localizing Gravitational-wave 
Events: ‘It’s Complicated’

GW190425 (neutron star – neutron star merger)
90% localization contour: 7461 deg2
50% localization contour: 1378 deg2
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What GW170817 Reveals About Nuclear Matter (II)

 GW data constrains pressure-
density for the NS interior.
» Consistent with NS equations 

of state (EoS) and upper limits 
on observed NS masses

 GW170817 supports central 
densities (rc) up to ~ 5rnuclear and 
central pressures up to ~3x1035 
dyn/cm3 
» 90% confidence: 2rnuclear 

48
Abbott, et al., “GW170817: Measurements of Neutron Star Radii and 
Equation of State” Phys. Rev. Lett. 121, 161101 (2018)

90% confidence

90% confidence

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.161101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.161101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.161101
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What GW170817 Reveals About Nuclear Matter (III)
From limits on tidal deformabilities, we obtain posterior limits on NS masses and radii
 Using L-C relation, 

» Compactness                                      For NSs, C ~ 0.05 - 0.25 

49

EOS agnostic EOS parameterized


