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Ground-based Gravitational-Wave Detector
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LIGO proposed by Ron Drever, Kip Thorne, and Rai Weiss in 80’s.
First funding in 1992; civil construction ended 2000; Initial LIGO 2002-2010



Compact object mergers

Pairs of stellar-mass black holes,
neutron stars, or a stellar-mass
black hole and neutron star
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Strain (quadrupole) at the detector
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KACRA  QObserving runs
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https://observing.docs.ligo.org/plan/
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‘KACRA  The fourth observing run (O4)

e (4 started 24 May 2023: will continue until 18 November 2025

o Virgo delayed due to damage to optics; KAGRA had extended commissioning.

e Binary detection rates
O 03 ~ 1 / 5 d ayS Please log in to view full database contents.
0 04 —~ 1 / (2 ) 8 d ayS) 04 Significant Detection Candidates: 254 (283 Total - 29 Retracted)

04 Low Significance Detection Candidates: 5136 (Total)

e Improved public alerts
(@) Loca I |Zat|0n Page 1 of 19. next last »
Classification creerers oo )
Nov. 17, 2025 GCN Circular Query

Latency _
. S251117dq  BBH (>99%) Yes C...... ;7 1per54005e+06 years
Ear’ly_wa rnlng alerts 213833 UTC Notices | VOE e

LOW_S i g n ifi Ca n Ce a I e rtS S251116en  BBH (>99%) Yes Nov.te20% NGRS ] \ + 7 1 per 24271 years
23:22:21 UTC Notices | VOE
e Best sensitivity
Nov. 12,2025 GCN Circular Query SN
O 1 50- 1 70 M pC B N S ra n g e S$251112cm Yes UG Notices | VOE & \ 25 1 per 6.2098 years

\Mh GraceDB Public Alerts ¥ Latest Search Documentation Login

Event ID Possible Source (Probability) Significant

o O O O
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{{@/}\/l RGD 01+02+03+04a = 218, 04b* = 105, O4c* = 68, Total = 391
LIGO

200 *04b and O4c entries are preliminary candidates found online.
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LIGO-G2302098(b84be9c4), updated on 18 November, 2025 Credit: LIGO-Virgo-KAGRA Collaboration



//@}/ VIRGO

KA@ GWTC-4

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

GWTC-4.0: Methods
o https://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 https://arxiv.org/abs/2508.18083
Open Data from O4a

o https://arxiv.org/abs/2508.18079
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Inferring the astrophysical population

Figure 2 from LIGO-Virgo-KAGRA
Collaboration, arXiv:2508.18083
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Deconvolve selection effects to infer
astrophysics

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™
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Figure 2 from LIGO-Virgo-KAGRA
Collaboration, arXiv:2508.18083
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Populations with neutron stars

dR/dm; [Gpe™ yr ' M3
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10248

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
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Binary black hole population

LIGO-Virgo-KAGRA Collaboration, arXiv:2508.18083

104 The BBH primary mass distribution is well
TEQ 5 /B described by a broken power law, shallow at low
= = | masses and steep at high masses, modulated
g 10 by overdensities near 10 Msun and 35 Msun.
2
O 10!
3
g 4
2 1072 5
) ]
10-3 |

0 10 2IO 310 410 50 6I0 7IO 8l0 90
Primary Mass

13



()N IRGD
LIGO
KACRA  Summary

Many more detailed investigations in Arxiv in
oA addition to papers about cosmology, testing GR,
and searching for other sources!

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.

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

The neutron star mass distribution remain consistent with previous
results, favoring a broad distribution of neutron star masses between 1
Msun and 3 Msun.

The redshift evolution of the binary black hole merger rate R(z) remains
consistent with the cosmic star formation rate density.

14
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KAGRA  GW250114 - testing general relativity
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&A/G/RR GW250114 - testing general relativity

— 220+0221,t, =9t — 2DS,ts =9ty
e Coalescence of two black holes — DS, sy W EEROENT

with near-equal masses — 220+8221,t, =3ty, — IMR

o m1~33.6Mo&m2~32.2Mo, spins
¥x1;2 < 0.26 (90% credibility) &
eccentricity e < 0.03

e Test the Kerr nature of remnant:
o Decompose perturbations into
spin-weighted spheroidal harmonics
with angular indices (I, m).
o Foreach (I, m), there are discrete
complex frequencies w,_ indexed by
n where Re(w,_ ) gives frequency and

mn

Im(w, ) is damping. n=0 is least

mn

damped, n=1 next, and so on.

Abac et al, PRL 136, 041403 (2026)
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Confirming area increase

Model the signal with GR
waveform, up to a preselected

time, t<, and measure the

initial masses and spins.

A=A +A,
Singlel=|m|=2,n=0atits
earliest time of applicability

when the overtone =
significance is < 10
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LIGO
KACRA | ow-latency Alerts & EM follow-up

Time relative to gravitational-wave merger

Detection [N

Classification [l
Sky Localization [

Detection ]
Automated Vetting [] | 1st Preliminary
Classification [J] [ Alert Sent
Sky Localization [JJ

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

Parameter Estimation _
Human Vetting [

Classification |

Parameter Estimation _[Update

Classification ||Alert Sent
-30s 0s 30s 3 minute 1 hour 1 day 1 week

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

Early Warning
Alert Sent

Initial Alert or
Retraction Sent
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KAGRA S250818k - subthreshold candidate

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

/ N B
h sy

—60°‘\»\,,2»

False alarm rate = 2.1/yr

HasMassGap | 0%
HasNS
HasRemnant

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

19


https://gcn.nasa.gov/circulars/events/ligovirgokagra-s250818k?view=index&query=S250818k&startDate=&endDate=

Preliminary (provided by Amanda Baylor)
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KAGRA Early Warning Mock Data Challenge

Cumulative Number of Injections Detected vs. Latency
(Minimum reporting latency from sgnl, FAR < 9.6e-08)
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Preliminary (provided by Amanda Baylor)

//@/}\/IRGD
KAGRA Early Warning Mock Data Challenge
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Preliminary (provided by Amanda Baylor)
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KAGRA Early Warning Mock Data Challenge
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J_(A/‘}RA FUture ObserVing RunS LIGO-Virgo-KAGRA anticipate observing

Current thinking
o Paced by upgrade paths.
o Intersperse commissioning
and observations

Binary detection rates
o O3 ~1/5days
o 04 ~1/(2.8)days
o IR1~1/(2.8)days
o IR2 (0O5)~ 3/day
e Other science
o Improved SNR
o New sources?

to dovetail with next generation facilities

Updated
2026-02-10 04 IR1

LIGO

150-170 160-180
Mpc Mpc

50-60 50-60

1 Mpc Mpc
Vlrgo B 7
1.3 5-7 7-15
Mpc Mpc Mpc
KAGRA 7,
| | I | | | | | |
G2002127-v34 2023 2024 2025 2026 2027 2028 2029 2030 2031

https://observing.docs.ligo.org/plan/
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https://observing.docs.ligo.org/plan/
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KAG/RR 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 s 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
o Report of LSC post-O5 study group [Fritschel et al, https://dcc.ligo.org/LIGO-T2200287/public]
o 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 ...
o A* an engine for observational science and a pathfinder for next-generation technologies.
o Anetwork including LIGO A# detectors would be a cornerstone for multimessenger discovery.

24



Observational Science with A#

Probe the compact object binary population with unprecedented precision
o Masses, spins, sub-populations.
o Clues about their formation and astrophysical environment.

Hubble constant measurement to
sub-percent levels

Black hole spectroscopy via
sub-dominant modes

Neutron star radius
measurements to sub-km

Annual Detections

Enlarge discovery space: nearby
supernova, continuous wave
sources, stochastic background

Configuration BNS NSBH BBH
A+ 1357 7° 24776 T40 5
Al 630f§§8 100112 2100126%
A¥ (A+ coatings) 260733 45ig$ 1150342%
A* Wideband (A+ coatings) 200*_:;;‘;;810 40;_32%0 9701}33&‘)’0
Voyager Deep 12807;,," 19077, 310077750
Voyager Wideband 730f3f8 129+165 2300“3388

See Fritschel et al, https://dcc.ligo.org/LIGO-T2200287/public
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From now to Cosmic Explorer

Updated Mar 3 2026
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LIGO-Virgo-KAGRA: cornerstone of MMA
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Gabriella Agazie et al 2023 ApJL 951 L8
https://doi.org/10.3847/2041-8213/acdac6
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Pulsar Timing Observations

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

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

Possibly background from supermassive black
hole binaries.

NANOGrav - G. Agazie et al 2023 ApJL 951 L8

PPTA - D. J. Reardon et al 2023 ApJL 951 L6

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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cSa e
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.

N /
\

@ identical spacecraft exchange laser beams. Gravitational waves Powerful\e\\/ents 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
=3

0 R ® o

o [ | & 0

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

~ isa
.. /4

The launch of the three spacecraft is
planned for 2035, on an Ariane 6 rocket.




Next Generation Detectors - late 2030s or early 2040s

Science :‘E’ CE with 2G CE with ET CE, ET, CE South
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time
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of compact objects
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New phases in quantum
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Discovery potential

Technical risk
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