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Gravitational Waves
Recent LIGO-Virgo-KAGRA results and future 
perspectives



GW and terrestrial detectors

•Gravitational Waves: ripples in the spacetime metric generated by the acceleration of masses, propagating at 
the speed of light, cause the the space itself to stretch/compress

•Michelson interferometers with Fabry-Pérot cavities in the arms, operating on dark fringe

•Observable:  h(t) – “strain”. dL=hL Ą km-long arms (h~10-21 )

•Sensitive in the ~10Hz – ~kHz frequency band
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GW terrestrial detectors
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GEO600

LIGO India

Joint observation
Operational
Planned

LIGO Hanford

LIGO Livingston
Virgo

KAGRA

LIGO-Virgo-KAGRA (LVK) network, evolving to IGWN
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The LVK network

See https://observing.docs.ligo.org/plan/

•O4 ongoing since May 2023, until November 2025

•Data are made public after an embargo period

•Data, results and explanations available on GWOSC

BNS range

O4a 2023-May-24 to 2024-Jan-31
(Data is public !)
O4b 2024-Apr-10 to 2025-Jan-28
O4c  2025-Jan-28 to 2025-Nov-18

https://observing.docs.ligo.org/plan/
https://gwosc.org/


Transient GW signals
• Compact Binary Coalescences (CBC) – modelled

• Other “bursts”, e.g. supernovae - unmodelled

LIGO-Virgo-KAGRA physics program
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Persistent GW signals
•Continuous emission from rotating neutron stars

• Stochastic GW background



•Version 4 of the Gravitational Waves Transient Catalog (GWTC-4)

•Population Properties of Merging Compact Binaries with GWTC-4

•GW231123: a Binary Black Hole Merger with Total Mass 190-265 Mṩ

•More results in backup
•Constraints on the Cosmic Expansion Rate with GWTC-4

•GW230814: investigation of a loud gravitational-wave signal observed with a single detector

•GW250114: testing Hawking's area law and the Kerr nature of black holes

•GW230529: Observation of Gravitational Waves from the Coalescence of a 2.5-4.5 Mṩ Compact Object 
and a Neutron Star

•Status of O4 current observations and expectations for future results

•Looking ahead after O4

Outline
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•List of detections for transient GW signals

•Several analyses (pipelines) participate to the search : 
• CBC modelled searches use matched filtering techniques with large pre-calculated 

collections of waveforms (“template banks”)

• Unmodelled searches look for excess of power in time-frequency representations of 
strain data

GW Transient catalogs
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Focus on important concepts
• SNR: signal-to-noise ratio as found in 

data
• FAR: Rate at which we would expect 

a similar SNR trigger coming just 
from noise

• P-astro probability of the candidate 
to be of astrophysical origin



•List of detections for transient GW signals

•Several analyses (pipelines) participate to the search : 
• CBC modelled searches use matched filtering techniques with large pre-calculated 

collections of waveforms (“template banks”)

• Unmodelled searches look for excess of power in time-frequency representations of 
strain data

GW Transient catalogs
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Search sensitivity, estimated on simulation 
shows pipelines complementarity



•List of detections for transient GW signals

•Several analyses (pipelines) participate to the search : 
• CBC modelled searches use matched filtering techniques with large pre-calculated 

collections of waveforms (“template banks”)

• Unmodelled searches look for excess of power in time-frequency representations of 
strain data

•Data around each candidate is analyzed with Bayesian inference 
techniques to determine astrophysical sources properties

GW Transient catalogs
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Search sensitivity, estimated on simulation 
shows pipelines complementarity



GW Transient catalogs
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https://gwosc.org/

• Catalogs are cumulative, GWTC-4 
covers all data taken before 
January 31st 2024 (O4a)

• O4 still ongoing until November 
18th 2025. Additional data will be 
collected in GWTC-5 and GWTC-6

• GWTC-4 candidates + O4a strain (and auxiliary) data 
released on August 26 2025

• See more details and explanation in 
(ArXiv:2508.18079)

https://arxiv.org/abs/2508.18079


Will appear in  
ApJL as a focus 

issue

(also including 
companion 

interpretation 
papers)

GWTC-4 catalog
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(ArXiv:2508.18080)

(ArXiv:2508.18081)

(ArXiv:2508.18082)

https://arxiv.org/abs/2508.18080
https://arxiv.org/abs/2508.18081
https://arxiv.org/abs/2508.18082
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O1 to O4a

GWTC-4 catalog



GWTC-4: what’s new?
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O4a only

GW231123 
Heaviest

GW230814
Loudest (until O4a!)

GW230529

ArXiv:2508.18082

https://arxiv.org/abs/2508.18082


•128 additional compact binary coalescence 
candidates identified by at least one search 
algorithms with p-astro ≥ 0.5 

•Detailed source property for 86 of these, with 
FAR< 1 yr−1

•Two consistent with NSBH (GW230518_125908 and 
GW230529_181500), others BBH

•Median BH mass in BBHs from 5.79 Mṩ (GW230627) 
to 137 Mṩ (GW231123)

•Two candidates with SNR>30 (GW230814, 
GW231226)

GWTC-4 catalog
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ArXiv:2508.18082

https://arxiv.org/abs/2508.18082


NS-BH transition region

•Peaks at NS masses Ḑ1.5 Mṩ and at BH masses 
Ḑ9 Mṩ on each side of the lower-mass gap. 

•A completely empty gap between NSs and BHs 
is disfavored.

Populations of compact objects
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•General: population results depends on assumptions. Different approaches, from strongly 
modeled (e.g. FULLPOP) to weakly-modeled (e.g. BGP).

ArXiv:2507.08219

BHs (m>3 Mṩ) population in BBH systems 

•Global peak at 10 Mṩ

•Feature at 35 Mṩ

•Additional structure non conclusive

https://arxiv.org/abs/2507.08219


Populations of compact objects
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•Effective spin (mass-weighted average of component spins aligned orbital momentum) and 
precessing in-plane spin component

•χeff distribution peaked at zero and asymmetric with more support for positive values

•Ḑ20–40% of the BBH population has spins which are more than 90 degrees misaligned with 
the orbital angular momentum.

•Precession present at population level, precise results analysis dependent

ArXiv:2507.08219

(More results for 
spins, and CBC 
rates in backup)

https://arxiv.org/abs/2507.08219


•Merger of two BH of masses 137 ad 103 Mṩ, dL [0.7-4.1] Gpc, z=[0.15-0.66], SNR~22

•Both BH highly spinning ~0.9 and ~0.8

•Significant waveforms systematics (Ą large uncertainties)

•Alternative scenarios to BBH cannot be ruled out

•Ringdown analysis supports remnant BH hypothesis

GW231123
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ArXiv:2507.08219

https://arxiv.org/abs/2507.08219


•Until November 18th, alerts for transient candidates on GraceDB and distributed through 
GCN and SCiMMA

•Typical latency <1 minute

•Early warning alerts for systems involving a NS

•Alerts for systems involving sub-solar mass 
compact objects 

•160 new candidates since the end of O4a

•All explanations here

LVK O4 is still ongoing
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Stay tuned: 
O4b data to be released December 2025
O4c data to be released May 2026

https://gracedb.ligo.org/
https://gcn.nasa.gov/
https://scimma.org/
https://emfollow.docs.ligo.org/userguide/


•O5 (and post-O5) schedules are being reassessed and are unclear due to budget constraints in the 
USA and Europe

Looking ahead
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2030s

Post-O5 projects
(A#, Virgo_nEXT)

2040s

3rd generation 
projects (Einstein 

Telescope, 
Cosmic Explorer)



•Ground-based detector community preparing for next generation

•Two projects in preparatory phase: Einstein Telescope (Europe), 
Cosmic Explorer (USA)

•Ambitious scope to observe until redshift ~20, O(105) CBCs per year, 
with BHs of masses up to 104 Mṩ (depends on low frequency 
sensitivity). Better sensitivity: higher statistics and better 
characterization of signals. 

•Scientific exploitation starting in the late 2030s and lasting for ~50 
years

Looking ahead
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ET : underground, one single observatory. 
Triangular (10-15 Km), xylophone 
configuration (cryogenic for low-
frequency)

CE : two L-shape surface detectors (20 
and 40 Km), room temperature
NB designs still under discussion !



•The LIGO-Virgo-KAGRA fourth observing run O4 is ongoing until November 2025

•First third of the data has been recently made public, doubled the number of GW 
detections, with some exceptional events. 

•For the moment in O4, no BNS detection and no EM counterpart

•More O4 data will be made public by May 2026, many more results to come

•Upgrade plans for the detectors, that would highly increase the sensitivity 
(~5 times more expected CBC detections), are now being assessed

•3rd generation detectors are in their preparatory phase

Conclusions
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Additional slides
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Additional slides



NS-BH transition region

•Peaks at NS masses Ḑ1.5 Mṩ 
and at BH masses Ḑ9 Mṩ on 
each side of the lower-mass 
gap. 

•A completely empty gap 
between NSs and BHs is 
disfavored.

Populations of compact objects
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•General: population results depends on assumptions. Different approaches, from 
strongly modeled (e.g. FULLPOP) to weakly-modeled (e.g. BGP).

ArXiv:2507.08219

https://arxiv.org/abs/2507.08219


•BHs (m>3) population in BBH 
systems 

•Global peak at 10 Mṩ
•Feature at 35 Mṩ

•Additional structure non 
conclusive

Populations of compact objects
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•Results consistent with GWTC-3

•Improved constraints over 
whole mass spectrum

ArXiv:2507.08219

https://arxiv.org/abs/2507.08219


Mass ratio in BBH systems

•Overall consistent with GWTC-3

•Allowing for correlations between mass ratio and primary mass 

•BHs Ḑ35 Mṩ tend to be in symmetric systems

•BHs Ḑ10 Mṩ preferentially merge with lighter BHs.

Populations of compact objects
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ArXiv:2507.08219

https://arxiv.org/abs/2507.08219


•BBH merger rate evolves with redshift consistently with the star formation rate

•Depends on the assumptions on mass/spins models

•Non-zero rates in the lower mass gap and PISN mass gap

•BNS rate ~2 times smaller wrt GWTC-3 results

Rates of CBC
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ArXiv:2507.08219

https://arxiv.org/abs/2507.08219


Cosmology

A27

•GW detection Ą measurement of luminosity distance

•Different methods to constrain H0

•Bright sirens: Redshift information from EM counterpart (only for GW170817)

•Spectral sirens: infer jointly compact objects population features (mass) and cosmological parameters

•Dark Sirens: supplementing the spectral siren method with additional redshift information from galaxy 
surveys (here use GLADE+)

•Using a subset of highly significant events from GWTC-4

ArXiv:2509.04348

https://arxiv.org/abs/2509.04348


•Single-detector trigger, loudest in O4a (SNR~42)

•first confident detection of an ℓ = |m| = 4 mode in the inspiral phase

•Detailed tests of waveform consistency with general relativity

•Hints for deviations from GR in post-merger signal also observed in realistic simulations assuming 
GR, so non conclusive

GW230814
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ArXiv:2509.07348

https://arxiv.org/abs/2509.07348


•“Vanilla” BBH from O4b, SNR~80

•Test of Hawking area law (total area of the black hole event horizon cannot decrease with time)

•Loud signal allows to compare the remnant and initial areas excising the merger cycles where 
gravity is strongest and most dynamical

GW250114
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ArXiv:2509.08054

https://arxiv.org/abs/2507.08219
https://arxiv.org/abs/2509.08054


•Single-detector NSBH candidate

•Primary mass confidently smaller than 5 Msun. Most 
likely a BH, but NS cannot be excluded

•Primary object has a high, anti-aligned spin (negative at 
83% probability)

•No significant constraint on tidal deformabilities

•Not an outlier wrt previous population constraints (also 
remember other notable events: GW190814 secondary 
mass, GW200115 primary mass) 

GW230529
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Astrophys. J. 

Lett. 970, L34 (2024)

https://iopscience.iop.org/article/10.3847/2041-8213/ad5beb
https://iopscience.iop.org/article/10.3847/2041-8213/ad5beb
https://iopscience.iop.org/article/10.3847/2041-8213/ad5beb
https://iopscience.iop.org/article/10.3847/2041-8213/ad5beb


•FULLPOP-4.0: Models the mass spectrum of all CBCs simultaneously with 
appropriate power-law and peak components. Also allows for a gap between the 
most massive NS and the least massive BH.

•BROKEN POWER LAW + 2 PEAKS: The primary mass distribution has a broken 
power law continuum between a minimum and maximum mass, plus two 
Gaussian peaks aroundḐ10 MṩandḐ35 Mṩ. The distribution of mass ratio q is 
a power law between some minimum value and 1.

•EXTENDED BROKEN POWER LAW + 2 PEAKS: The mass-ratio power-law is allowed 
to differ between primary masses in the continuum and in the 35 Mṩpeak.

Strongly modeled Mass models

A31



•GAUSSIAN COMPONENT SPIN: The spin magnitude population is a Gaussian 
truncated over the physical range χ [ɴ0,1). The distribution of cosine spin tilts 
relative to the orbital angular momentum includes an isotropic (i.e., uniform) 
component and a truncated Gaussian component.

•GAUSSIAN EFFECTIVE SPINS: The joint χeff–χp effective spin distribution is a 
bivariate Gaussian allowing for correlations.

•SKEW-NORMAL EFFECTIVE SPINS: The χeff marginal effective spin distribution is 
skew normal, truncated to [−1,1].

Strongly modeled Spin models

A32



•B-SPLINE: Fits the astrophysical distribution as a separable joint distribution with 
one-dimensional basis splines. Large numbers of basis functions allow for 
flexibility, with difference-based priors imposing smooth evolution a priori.

•BINNED GAUSSIAN PROCESS (BGP): Assumes a fixed binning scheme and infers 
the event rate under the assumption of a constant rate within each bin, and a 
Gaussian process prior imposing smooth covariance across bins.

Weakly modeled models

A33



•GW waveforms for Compact Binary Coalescences assume general relativity and use different techniques 
(analytic approximation for inspiral, numerical relativity for merger, perturbation theory for ringdown)

•Compact object: BH, NS. CBC types: BNS, BBH, NSBH

•Waveforms depend on compact objects properties (masses, spins, tidal deformabilities..) and extrinsic 
parameters (source distance, orbital inclination wrt observer..) and are affected by the Universe expansion

•Amplitude scales (at first approximation) with total mass and inverse of distance

CBC waveforms
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Increase mass

Decrease distance

Increase mass



Components spins

• Spin magnitude distribution has 
support at χ ≈ 0

•Spin tilt distribution may peak away 
from perfect alignment with the 
orbital angular momentum

Populations of compact objects
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Transient GW signals
• Compact Binary Coalescences (CBC) – modelled

• Other “bursts”, e.g. supernovae - unmodelled

LIGO Virgo KAGRA physics program
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Longer duration GW signals
•Continuous emission from rotating neutron stars

• Stochastic GW background

Focus on CBC

• Coalescences of compact objects (BH, NS)
• 2015: 1st BBH detection
• 2017: 1st BNS detection
• ~200 confirmed events !
• + ~150 alerts since January 2025



Model-dependent searches

37

data signal template

PSD



•Data around the detection analysed in more detail 
with resource-demanding Bayesian inference 
algorithms

•Waveform depends on a large number of intrinsic 
(mass, spin..) and extrinsic (position, distance) 
parameters

•Often we’re mostly sensitive to a combination of 
parameters from the two compact objects (chirp mass, 
total mass, effective spin, effective tidal 
deformability..)

Parameter Estimation
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CBC searches
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h(t)

Data 
quality

h(t)

Data 
quality

h(t)

Data 
quality

CBC search 
pipeline(s)
Ą SNR

List of 
candidates 

with FAR and 
pastro

Posterior 
distributions 
for significant 

candidates

Gravity

Astrophysics

Nuclear physics

Cosmology

…

Template banks
-

O(1M) waveforms



•Dynamical mass measurements of X-ray binary 
systems within the Milky Way suggests a drop 
(absence?) of compact objects in the range 3-5 Mᵘ

•The lower mass gap would separate NS 
(maximal mass ~2.5/3, depending on the EoS) 
from BH (minimal mass ~5 from stellar evolution)

•Previous GW observations are in general agreement 
with a reduction of the number of observed events 
in the lower mass gap.

•But..

A lower mass gap?
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Phys. Rev. X 13, 011048 (2023)

http://journals.aps.org/prx/abstract/10.1103/PhysRevX.13.011048


• We provide alerts for all low-significance CBC events with FAR<2/day (generating only notices), and significant ones 
(FAR<1/month – notices and circulars). 

• Typical alert latency < 1 minute.  Information is possibly refined within 5 minutes. Updates follow ~hours later (after 
human vetting, and possibly with refined skymap). 

A look at O4

41

Source property 
– 

assuming the 
signal is 

astrophysical

Probability of 
being of 

astrophysical 
origin (1-

Terrestrial) 
and source 

classification

Summary information of all pipelines that 
detected the event as significant
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