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Remembering Rai Weiss

e Scientific legacy:

o Conceived of and was a leader
of LIGO, the first detector to
measure gravitational waves

o Co-founded and led the science
working group of the NASA
Cosmic Background Explorer
(COBE) project

e Advisor, colleague, and
mentor to hundreds of
scientists across generations

e Rai passed away on Monday,
25 August 2025. He was 92.

Pirsa: 25080038 Page 3/23



(I@JJIVIRGO _ o
LIGO International Gravitational-Wave
KACRA Observatory Network (IGWN)

Q In operation

° Under construction 0 GEO
&
LHO ey
Virgo
Q
0 KAGRA
LLO
9
LIGO India

Pirsa: 25080038 Page 4/23



Twenty-five years ago

Pirsa: 25080038

Perimeter Institute officially launches on
October 23, 2000.

The first researchers walk through
Perimeter's doors. The ‘Old Post Office’
building at 35 King St. Waterloo, Ontario,
Canada serves as the Institute’s first

campus.

Document Type LIGO-TO1M25-00- Z February 12, 2001

Determine upper limits on event rates for inspiralling
compact binaries with LIGO engineering data

Bruce Allen, Subanta Bose, David Churches. Patrick Brady, Duncan Brown,
Jordan Camgp, Nelsen Chnstensen, Johien Cretghton, Teviet Creighlon, 5.V
Dhurander, Gabriela Gonzalez. Andn M. Gretarsson. Gregg Harry, Vicky
Kalogera. Joe Kovalik, Nergis Mavalvala, Adrian Otiewill, Ben Owen. Tom
Prince, David Reitze, Anthony Riza, B S, Sathyusprakash, Peter Shawhan,

Julien Sylvestre. Laingang Wen, Alan Wiseman.
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KAGRA Observing runs
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KAGRA The fourth observing run (O4)

e 04 started 24 May 2023: will continue until 18 November 2025

o Virgo delayed due to damage to optics; KAGRA renewed commissioning after 1 month.
e Binary detection rates -4h GroceDB, s A = Loam. Sacen Nowicton. Polros Documaniton. Adin Do Logu

o 0O3~1/5days

Authenticoted as: Potrick Brady
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3201 *04a, 04b, and O4c entries are preliminary candidates found online.
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KAGRA GWTC-4

GWTC-4.0: An Introduction

o https://arxiv.org/abs/2508.18080
GWTC-4.0: Methods

o hitps://arxiv.org/abs/2508.18081
GWTC-4.0: Update

o https://arxiv.org/abs/2508.18082

o 86 new binary candidates with
false alarm rate < 1/yr

GWTC-4.0: Population

o hitps://arxiv.org/abs/2508.18083
Open Data from O4a

o hitps://arxiv.org/abs/2508.18079

Pirsa: 25080038

Secondary mass (M)

VHOYN-0BIA-OD|T/uoysy Aiobsis :eunbi

200
GW231123_135430
Median, source-frame masses . ,,.,,-5;
100
. 9
I GW150914 %\//{:
50 - GW230814_230901 :
! NG 2
&
7 e a®
YA o8
20 - _.l?,'@
D% e S
) A GW231226710152O
. \ ‘r'
Q \ =
v .
10 A WA i i
! il o T
- \ GW231118 005626 [
~ - @ R 1
5 v ' - | LA
D ? E o '
. LT \ & ! 1
1
GW230529_181500 \ GW331114 043211 |
- \ z 1
\ s a1 ! I
2 ~ ie b '. ! |
L : 1 I
q . GW230518_125908 | : :
2 B .‘-.u _4) [} I :
s A BN 1 y
S0 S P l .
ST P ) s | Ly [ 1 i
1 7 o5 Lo 1o 1o i i
l LI L [ l 1 1 | LI l
5 10 20 50 100

Primary mass (Mg)

Page 9/23

20%



((@}}\/IRGD
KAGRA GWTC-4

e GWTC-4.0: An Introduction
o https://arxiv.org/abs/2508.18080

e GWTC-4.0: Methods

o https://arxiv.org/abs/2508.18081
e GWTC-4.0: Update

o hitps://arxiv.org/abs/2508.18082

o 86 new binary candidates with
false alarm rate < 1/yr

e GWTC-4.0: Population

o hitps://arxiv.org/abs/2508.18083
e Open Data from O4a
o hitps://arxiv.org/abs/2508.18079
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Inferring the astrophysical population

Figure 2 from LIGO-Virgo-KAGRA
Collaboration, arXiv:2508.18083

FuLLPor-40
— BGP
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A (gap depth)
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Remember Reed Essick’s talk about
understanding and deconvolving selection
effects

FULLPOP-4.0:

o  Example of strong modelling
o  Models the full mass spectrum with power-laws,
peaks, and gaps.

BGP:

o  Example of weak modelling.

o Uses a binning scheme to infer the event rate
within each bin, and a Gaussian process prior
imposing smooth covariance across bins.
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Populations with neutron stars

dR/dm, [Gpe ™ yr ' M
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Evidence for a prominent pair of peaks at NS
masses ~1.5Msun and at BH masses ~9 Msun
on each side of the lower-mass gap. A completely
empty gap between NSs and BHs is disfavored.
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Figure 2 from LIGO-Virgo-KAGRA
Collaboration, arXiv:2508.18083

11



((@}}VIRGZ)
KAGRA Summary

Many more detailed investigations in Arxiv. More
papers about cosmology, testing GR, and
searching for other sources will be released soon!

e Effective inspiral spins are asymmetric about xeff = 0, skewed toward
positive values. Spin magnitudes span from 0 to 1, although ~90% of

BHs have x < 0.57.

e Over abundances in the mass distribution at 1-2 Msun, around 10
Msun, and a feature near 35 Msun.

e The neutron star mass distribution remain consistent with previous
results, favoring a broad distribution of neutron star masses between 1

Msun and 3 Msun.

e The redshift evolution of the binary black hole merger rate R(z) remains
consistent with the cosmic star formation rate density.
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KAGRA Low-latency Alerts & EM follow-up

Time relative to gravitational-wave merger

Detection [N

Classification [l
Sky Localization [l

Early Warnin :
Aler¥ Sent g See Chad Hanna’s talk tomorrow

Detection [
Automated Vetting [] | 1st Preliminary

Classification [[] | Alert Sent
Sky Localization [

Cluster additional events [l |2nd Preliminary
Re-annotate [J|Alert Sent

imation [

e fuman vetting [ Initial Alert or
9 N— Retraction Sent
Classification |

Parameter Estimation [ | Update

Classification ||Alert Sent
-30s Os 30s 3 minute 1 hour 1 day 1 week

Preliminary alerts in ~30 sec latency in O4 distributed via SCIMMA and GCN

Pirsa: 25080038 Page 15/23
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KAGRA S250818k - subthreshold candidate

event ID: G591130
instruments: H1, L1, V1
50% area: 205 deg®
90% area: 786 deg®

False alarm rate = 2.1/yr

HasMassGap | 0%
HasNS
HasRemnant

Pirsa: 25080038

2025-08-18 01:20:06 UTC - LVK candidate time
+30 s - LVK preliminary alert
+2.7 hrs - Zwicky Transient Facility begins observing
+16 hrs - GCN 41414, Stein et al report optical
transient ZTF25abjmnps/AT2025ulz
+2.2 days - GCN 41436, Karambelkar et al report
spectral observations consistent with a kilonova
+2.3 days - GCN 41437, LVK reports updated
properties of the low-significance candidate
+6.5 days - GCN 41532, Banerjee et al report
ENGRAVE observations of AT2025ulz as a type |l
supernova
.. Ongoing observations to confirm classification
.. GCN Circulars related to S250818k
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KAGRA 05 Observing Run

e Current thinking
o Startis paced by upgrades
after O4: 2 years gap.
o Intersperse commissioning
and observations

e Binary detection rates
o 0O3~1/5days
o 04~1/(2.8)days
o 05~3/day
e Other science
o Improved SNR
© New sources?

Pirsa: 25080038

LIGO-Virgo-KAGRA anticipate observing
to dovetail with next generation facilities
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LIGO
'KACRA  IGWN 2025-2035

e \irgo faces challenges that require substantial modifications of the instrument
and facilities to achieve the Advanced Virgo sensitivity.
o Discussions are ongoing about the schedule for this multi-year detector improvement effort.
e KAGRA is focused on reaching its current target
e Construction of LIGO Aundha Observatory (LAO) in India is progressing
o It will be operated under the LIGO umbrella in the 2030s.

e A" targeted improvements to the LIGO detectors for post-O5

Report of LSC post-O5 study group [Fritschel et al, https://dcc.ligo.org/LIGO-T2200287/public]
Achieve close to a factor of 2 amplitude sensitivity improvement with larger test masses,
better seismic isolation, improved mirror coatings, higher laser power, better squeezing ...

A* an engine for observational science and a pathfinder for next-generation technologies.

A network including LIGO A# detectors would be a cornerstone for multimessenger discovery.

17
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Pulsar Timing Observations

I 1 I I [ 1 1 1 | 1 1 I | ] 1 T | 1 1 I | 1 1 I |

-T- Gabriella Agazie et al 2023 ApJL 951 L8
hitps://doi.ora/10.3847/2041-8213/acdact

Hellings-Downs interpulsar correlations from a
gravitational-wave background.

e Bayesian analysis ~ 3 sigma
e Frequentist analysis ~ 3.5 - 4 sigma

/
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Possibly background from supermassive black

hole binaries.
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PPTA - D. J. Reardon et al 2023 ApJL 951 L6é
EPTA and InPTA - J. Antoniadis et al. A&A, to appear
CPTA - H. Xu et al 2023 Res. Astron. Astrophys. 23 075024
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esa .
LISA mission

Gravitational waves are ripples in spacetime that alter the distances between
objects. LISA will detect them by measuring subtle changes in the distances
between free-floating cubes nestled within its three spacecraft.

(3) identical spacecraft exchange . Gravitational waves Powerful events such as colliding black
change the distance between the free-floating cubes in the different holes shake. the fabric of spacetime and Free-floating
spacecraft. This tiny change will be measured by the laser beams. cause-gravitational waves ( golden cubes

O O O o -

© 00 ©

* Changes in distances travelled by the laser beams are not to scale and extremely exaggerated

The launch of the three spacecraft is
planned for 2035, on an Ariane 6 rocket.
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Next Generation Detectors - late 2030s or early 2040s
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Science

CE, ET, CE South

Theme

Black holes and
neutron stars
throughout cosmic
time

Dynamics of dense
matter

Extreme gravity and
fundamental physics

Discovery potential

Technical risk

Goals
Black holes from the
first stars
Seed black holes
Formation and evolution
of compact objects

Neutron star structure and
composition

New phases in quantum
chromodynamics

Chemical evolution of the
universe

Gamma-ray burst jet engine
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A word from Rai

The Sound of Gravity

MIT School of Science

Pirsa: 25080038

The Sound of Gravity, MIT School of Science

& £ YouTube [3

Page 23/23

24



