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Plan of the talk

\
The Weélkest force : gravity |
o Ground-based GW detectors & sources
- CBC GW science : astrophysics, relatiyit ).
- LVK observations up to 03 (2015-2020)
The 04 run (2023-2025)

O5 and looking forward (A# et al.)



4 (known) fundamental forces
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Gluons (8) m Photon

oo
e eov

Neutron decay

Beta radloactivity
Neutrino Interactions
Burning of the sun




How to ‘see’ GW

o Tidal effect on spatially
separated test particles

o Can extract energy
— Imagine a spring
| connecting particles

o Measure variations in
distance or travel time
oL(t)

Strain h(t) ~ ——




The broad spectrum of GW
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GROUND-BASED
GW DETECTORS




Laser interferometric detection

‘Michelson interferometer’
end mirrors free to move
along arms

Differential length change

8(Ly-L,) = h()- L

= time of flight difference

= relative phase difference
@ beam-splitter

= transmitted intensity
variation @ PD

t=0 t=T.,/4 =7.,/2 t=3T.,/4 =T,




Recycling

Down to <1e—23: Enhance the signal

" Photodetector

Long arms

High power ultra-
stable laser

Power recycling
(factor ~35)

Resonant arm

cavities
(factor ~300)

Signal recycling



Down to <1e—23: Suppress noise

\/ .‘ \/ | Seismic noise reduction
| \\// | \\// o Active seismic isolation

o Quadruple pendulum
“ | suspension

o ~10 orders of magnitude
displacement noise
1] [

Fused silica fibers

suppression above 10Hz
Stage 4

Electrostatic // .
actuator Suspension

System
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Precision Interferometry :
Understanding Measurement Noises

Fundamental Noises

I. Displacement Noises
- AL(f)
e Seismic noise
e Radiation Pressure
e Thermal noise
e Suspensions
e Optics
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II. Sensing Noises
> Atphoton(f)

e Shot Noise
e Residual Gas

Technical Noises
- Hundreds of them ...

Advanced LIGO Design Noise Budget

m—=(Quantum
m—Seismic
\ —=Newtonian
‘ ==Suspension Thermal
{ -—=Coating Brownian
\ Coating Thermo-optic
Substrate Brownian

Excess Gas
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A global network

.~

T

;:Y/'{’!tﬁ 5
S ~ L

L LIGO Hanford

Operational
Planned |

Gravit%ti_onal Wave Observatories
* Detection rate, sky coverage, network duty cycle

* (Greater accuracy on source parameters
- Distance, sky location, orientation of source ...
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163 Institutions in 20 different countries

~915 collaboration members




3 y
Cryogenic sapphire mirr
Image Credit: Rahul Kumar/LIGO Lab



Transient GW sources

Highly relativistic systems

N
- ——————
505

Image : D. Price (Exeter) & S. Rosswog (Bremen)

Cataclysmic events of compact
astrophysical objects

— NeutronStar / BlackHole binary
mergers

— CoreCollapseSuperNovae e @




Persistent GW sources

: sinusoids from rotating NS

— many potential sources in Galaxy

: random ‘background’
from superposition of unresolved
sources

— astrophysical
transients at high redshift

= p rimo rdial HTTP.// CHANDRA S1.EDU




Anatomy of a binary merger

I
Inspiral

S e
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ler Ring-
down

0
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14 September 2015, 09:50:45 UTC
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Astrophysics from BBH mergers

 Stellar winds ‘weak’
allowing ~30 M, BH to form - GW150914

20



Astrophysics from BBH mergers

 Stellar winds ‘weak’
allowing ~30 M, BH to form

Metallicity
1.0E-4 - - -2.0E-4 5.0E-4
1.0E-3 ---- 2.0E-3

i B DG it 1.0E-2 ——2.0E-2

 Likely forming at
low metallicity
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Astrophysics from BBH mergers

 Stellar winds ‘weak’
allowing ~30 M, BH to form

3”“; 1 Metallicity
| GW events —- 20x10°? === 10x10-

GW190521 |

*

2001 10x107? —— 10x10"*

 Likely forming at 1’
low metallicity )

« ~85 Mg BH above
‘mass gap’ from .
SN pair instability PSP LT ST PP D B % wm

mzams (M)

= hierarchical formation?
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Exploring GR with GW sources

> Strong field : compact objects (NS, BH)
and behaviour ‘close to’ singularities via NR

> Precise constraints on low ve
> v/cup to ~0.4
> ‘Higher modes’ (beyond quadrug
> Black hole perturbation thec
> Small mass ratio expansion + °s
> Probe of Schwarzschild / Kerr ge om

> Exotics : black hole mimickers bos e

Consistency of relativistic effects in double pulsar J0737-3039A, B (Image M. Kramer)



Exploring GR with GW propagation

> Verify 2 transverse tensor polarizations
> Constrain non-GR di%er lon (eg graviton mass)
> Constrain Lorentz symmetry violation ...

» (‘Strong’ or ‘Weak’) Gravitational Lensing of GW
. Amplification. signal
= Multiple transient “images”, other possible effects

> Verify speed of GW propagation

= Multi-messenger events with prompt emission
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Mul‘fi"-‘messenger Astronomy with GW

Binary Neutron Star/
Neutron Star — Black Hole

Merger
= B

‘ X-rays / Gamma-rays

A\

UV / Visible / Infrared Light HE Neutrinos
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GW170817 / GRB 170817A

 First GW multi-
messenger observation

* Time and sky position
coincident between
GW and gamma-ray
observatories
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GW170817 / GRB 170817A

LDSS 4+ MagE X-shooter

0.48days —— lddays

First GW
messeng

Time andg

coincide
GW and ¢
observatda

Optical, UV & IR
counterpart (‘kilonova’)

750 1000 1250 1500 1750 2000
Wavelength (nm) 27

Sneppen et al. arXiv:2404.08730



Science from multi-
messenger
BNS detection

Speed of GW = speed of light

e Rules out many non-GR ‘dark energy’ theories

Heavy element nucleosynthesis in NS
collisions

Independent estimate of Hubble constant

Bounds on NS tidal deformability &
equation of state

Bounds on high energy neutrino emission
(IceCube, Pierre Auger)
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LIGO-Virgo observations up to 2020

Cumulative Count of Events

Updated == Of 02 == (03 - - _ - )
2024-07-11 01=23,02=8, 03a =44, 03b = 35, Total = 90

g B
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Virgo

Cumulative #Events/Candidates
g

KAGRA

-
=]

200 300 400 500 &00 700
G2002127-v26 2015 2016 2017 2018 2019 2020 2021

O3 run : April 2019 through March 2020

* 90 ‘significant’ binary merger candidates
(cumulative 01-03)

Time [Days} Gt LK Mg oo
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Secondary Mass (Solar Masses)
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https://www.ligo.org/science/Publication-O3aPopulations/
https://www.ligo.org/science/Publication-O3bAstroDist/
https://www.ligo.org/science/Publication-O3bAstroDist/
https://www.ligo.org/science/Publication-O3bAstroDist/
https://www.ligo.org/science/Publication-O3bAstroDist/

LVK public data products

* GW Open Science Center data on GWTC-3

https://www.gw-openscience.org/eventapi/html /GWTC-3/

Version Release
Name GPS |

Mass 1 (M) Mass 2 (M;) Network SNR  Distance (Mpc) Total Mass (M;)
Xeff

+12.4 +1.7 +360 +0.31 +8.9

GW190930_133541 vi1 GWTC-2  1253885759.2 153 . 7.8 3 9.8 760 320 0.14 5, 20.3 .

 Datarelease for
papers : inference
samples, table data,
tutorial notebook ...

November 5, 2021

The population of merging compact binaries
inferred using gravitational waves through
GWTC-3 - Data release

oration and Virgo CollaborationLIGO Scientific Collaboration and Virgo Collaboration and KAGRA

Data associated with Figures, Tables, and population parameter samples associated with The population of merging
compact binaries inferred using gravitational waves through GWTC-3, LIGO DCC, arXiv.
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https://www.gw-openscience.org/eventapi/html/GWTC-3/
https://www.gw-openscience.org/eventapi/html/GWTC-3/
https://www.gw-openscience.org/eventapi/html/GWTC-3/
https://www.gw-openscience.org/eventapi/html/GWTC-3/
https://www.gw-openscience.org/eventapi/html/GWTC-3/
https://dcc.ligo.org/LIGO-P2100239/public
https://dcc.ligo.org/LIGO-P2100239/public
https://dcc.ligo.org/LIGO-P2100239/public
https://zenodo.org/record/5655785
https://zenodo.org/record/5655785
https://zenodo.org/record/5655785

O4 run : observing since May 2023
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O4 run : observing since May 2023

200 Average BNS inspiral range (Mpc)
Ay [ \ rfw' M‘
o PR R TR RS
0

10

O4a O4b O4c (ongoing)
T~v-—---- Nt AT, M""“"“' b

0
2023-06 2023-09 2023-12 2024-03 2024-06 2024-09 2024-12 2025-03 2025-06

- H1 Kl == L1 == V1

* LIGO using frequency-dependent squeezing of photon state
* April 2024 : Virgo joined
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O4 run : observing since May 2023

200 Average BNS inspiral range (Mpc)

0 Lo SRR P A R AR

100

O4c (ongoing)

0
2023-06 2023-09 2023-12 2024-03 2024-06 2024-09
- H1 Kl == L1 == V1

LIGO using frequency-dependent squeezing ?
April 2024 : Virgo joined 7
04c extended through November 2025

— allow for preparation of O5 upgrade hardware
& joint followups with Rubin Observatory

KAGRA had significant setbacks from Noto Peninsula Earthquake (Jan 2024)
— Rejoined 04 with sensitivity ~10 Mpc
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O4 run : observing since May 2023

01+02+03 = 90, O4a* = 81, 04b* = 105, 04c* = 17, Total = 293
*04a, 04b, and O4c entries are preliminary candidates found online.
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"
=
£
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()

0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Time (Days)

LIGO-G2302098(18efacdd), updated on 22 June, 2025 Credit: LIGO-Virgo-KAGRA Collaboration
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O4 run : observing since May 2023

01+02+03 = 90, O4a* = 81, O4b* = 105, O4c* = 17, Total = 293
*04a, 04b, and O4c entries are preliminary candidates found online.

Gravitational Wave Detector Network
Operational Snapshot as of Jun. 11, 2025 20:50:53 UTC

Detector Status Duration [hh:mm] Latency [s]

GEOQ600 04:13

LIGO Hanford 00:00

LIGO Livingston 03:07

Virgo

KAGRA

no 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Time (Days)

LIGO-G2302098(18efacdd), updated on 22 fune, 2025 Credit: LIGO-Virgo-KAGRA Collaboration
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O4 public event highlights

230518 : pre-run engineering data
Probable NS-BH merger

230529 : single-detector event
Another possible NS-BH merger
(see next slide ...)

240615 : smallest localization area
5 deg? due to 3 detectors

(first of 2 alerts on same day!)

event ID: G407378
% area: 266 deg®
% area: 1,002 deg?

event ID: G408702

50% area: 8,061 deg®

90% area: 24,219 deg®
o

60

38


https://gracedb.ligo.org/superevents/public/
https://gracedb.ligo.org/superevents/public/
https://gracedb.ligo.org/superevents/public/
https://gracedb.ligo.org/superevents/public/
https://gracedb.ligo.org/superevents/public/

GW230529 : the lightest NS-BH ?

* First publication of 04 run

OPEMN ACCESS
Observation of Gravitational Waves from the Coalescence of a 2.5-4.5
M. Compact Object and a Neutron Star

» Strengthens evidence
against supposed
‘mass gap’ 3-5 M,

* No direct measurement
of tidal (NS matter) effects

GWI170817
GW190425

* Increases estimated rate A mowed
of future NS-BH mergers ‘
with EM emission




New for O4c : Public M estimates

Precisely measured from inspiral * Accurately estimated by search
signal in the low mass regime pipelines in the low mass regime

GW170817 Mc_injected vs Mc_reconstucted by gstlal
B (x| <005 '
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Binned chirp mass information

New data product providing source chirp mass in the form of binned
probabilities.

The predetermined bins are the following (in units of solar masses):
| 1.0,1.1,1.2,1.3,14,15,1.7,1.9,2.1, 2.3, 3,5.5, 11, 22, 44, 88, 1000]

* Bins are ‘fine’ in the and HasNS regime where chirp mass is
recovered more accurately,

* Become coarse for higher masses in the BBH regime.
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Binned chirp mass information

New data product providing source chirp mass in the form of binned
probabilities.

The predetermined bins are the following (in units of solar masses):
[0.1,087,1.0,1.1,1.2,1.3,1.4,1.5,1.7,1.9,2.1, 2.3, 3,5.5, 11, 22, 44, 88, 1000]

Example: A chirp mass of 1.2 My may correspond to a 1.4 M, 1.4 M, merger.
Example: A chirp mass of 3 M, may correspond to a 10 Mg, 1.4 M, merger.

* Bins are ‘fine’ in the HasSSM and HasNS regime where chirp mass is

recovered more accurately
* Become coarse for higher masses in the BBH regime.
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Binned chirp mass information

New data product providing source chirp mass in the form of binned
probabilities.

The predetermined bins are the following (in units of solar masses):
[0.1,0.87,1.0,1.1,1.2,13,1.4,15,1.7,1.9, 2.1, 2.3,3,5.5, 11, 22, 44, 88, 1000]

Example: A chirp mass of 8.7 My may correspond toa 10 My, 10 M, merger.
Example: A chirp mass of 44 My may correspond to a 50 Mg, 50 M, merger.

* Bins are ‘fine’ in the HasSSM and HasNS regime where chirp mass is

recovered more accurately
* Become coarse for higher masses in the BBH regime.
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Integration into public alerts

* The most probable bin is reported in the GCN circular

* .json of all bin probabilities and .png histogram on
GraceDB (public)

— Low-latency estimate available in ~seconds along with
em-bright+p(astro) : mchirp source.json

— PE estimate available alongside update alert within
~hour(s) : mchirp source PE.json
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Integration into public alerts

* The most probable bin is reported in the GCN circular

{
"bin_edges": [0.1, 0.87, 1, 1.1, 1.2, 1.3, 1.4, 1.5, 1.7, 1.9, 2.1, 2.3, 3, 5.5, 11, 22, 44, 88, 1000],

"probabilities": [0, ¢, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0]
¥

=
=
=
o
)
O
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o
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01087 1 11 12 13 14 15 17 19 21 23 3 55 11 22 44 88 1000
Source Frame Chirp Mass Bin (Mg)
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CBC detection capabilities in O4a

* Extensive injection (simulated signal) campaign for CBC searches
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CBC detection capabilities in O4a

* Extensive injection (simulated signal) campaign for CBC searches
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CBC detection capabilities in O4a

* Extensive injection (simulated signal) campaign for CBC searches
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10810 M(det) [MG)]
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“What We Did Over The Summer Holidays”

Many upcoming O4a LVK papers (O4a data release late Aug.)
... watch this space !

» Transient detection catalog : introduction, methods, results

» Burst, stochastic, continuous wave, sub-solar-mass CBC searches
» Population properties of CBC sources

» HO measurement using CBC sources

» Tests of GR and search for GW lensing with CBC sources



Some examples of exceptional events would be one that yields:

* a binary with a sub-solar-mass component;

* other astrophysically interesting component masses (large mass ratio, large black hole mass, large
neutron star mass, etc.);

clear statement on neutron star equation of state;

measurement of a high-spin system;

clear evidence of orbital eccentricity;

a multi-messenger counterpart (externally-triggered or in electromagnetic/neutrino follow-up searches);
substantial improvement in the measurement of the Hubble constant;

clear evidence of deviation from general relativity;

a gravitationally lensed gravitational wave detection;

clear indication of a particular formation channel.

first detection or finding signs of a signal with KAGRA.



https://dcc.ligo.org/LIGO-T2400403/public
https://dcc.ligo.org/LIGO-T2400403/public
https://dcc.ligo.org/LIGO-T2400403/public
https://dcc.ligo.org/LIGO-T2400403/public
https://dcc.ligo.org/LIGO-T2400403/public
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O5 : the ‘A+’ design

Updated 01 02 o3 04 05

2025-06-11

80 100 100-140 150 -160+ 240-325

= Mid-scale upgrade of Lo F i Bm i Mpo
original Advanced LIGO’

See text

Vi rgo I 13 T

25-128

I Mpc
i KAGRA ] 0
antum

‘—Seismici
~=Newtonian |
—=Suspension Thermal | G2002127-v30
~-=Coating Brownian

Coating Thermo-optic -

Substrate Brownian ||

Excess Gas

|—_Excess Ga | » Most critical technology :
| improved mirror coatings
to deal with higher arm power

» Virgo O5 plans currently under
reassessment

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2030

Strain [1/VHz]

.

e —
F,:,gue,,cy (Hz) 10 https://observing.docs.ligo.org/plan/
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Post-O5 : A#/ Virgo nEXT /...

w— A+ design
s A+ wideband

Upgrades exploiting existing A
facilities to the limit A" wideband

A¥ wideband, no filter cavity
A’ 655 m SEC
A 12 km folded arms

<
5

Targets factor ~2 increase in
range over 05

Stepping stone to future
detector technologies

Strain noise [1/Hz'?)

Design parameter A+ A* CE

Arm length I km 1 ki 20km, 40km

107
Frequency [Hz)

Arm power T50kW 1.5MW 1.5MW
Squeezing level 6dB 10dB 10dB Fill gap in observational
Test mass mass 10 kg 100 kg 320 kg Capablllty to ‘next generation' Of
Test mass coatings A4 A+/2 A4 .
observatories
Suspension length 1.6m 1.6m 4m
Newtonian suppression Odb 6db 20db LIGO'lndla . LIO; Aundha

planned to operate early 2030s



Conclusions

* 04 run underway with Virgo & KAGRA = Nov 2025
* Lots of O4a results planned for release ...

* 04b catalogue and results in the pipeline

* Many discoveries remain to be made !

This material is based upon work supported by NSF’s LIGO Laboratory which is a major facility fully funded by the National Sdence Foundation.
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