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GW150914

The first observation of gravitational waves from a binary black hole merger
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How many detections have we had?

Mass . This is the final
object after merger

These are the
compact objects
before merger

Black Holes ‘ and Neutron Stars ‘
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Gravitational-wave events

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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Gravitational-wave events

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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Gravitational-wave events

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars

2019-2020

N
-
o

o)
o

Solar Masses
o
(-

s ° ¢4 3
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New Results from the
LIGO-Virgo-KAGRA Collaboration




Gravitational-wave events

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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Gravitational-wave events

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars .
218 black holes and neutron stars merging!
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The observing runs

O4a: May 2023 - January 2024
O4b: April 2024 - January 2025
O4c: January 2025 - November 2025
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The sky localization
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https://gracedb.ligo.org

GW250114

The clearest view yet of merging black holes
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Black holes ringdown

Black holes are simple objects that are
only described by two numbers:
their mass and spin.

\/\/\/\,\ \n Other objects would ring differently.

Black holes “ring” after a merger.

Credit: L. Pompili 10/30



GW250114

First tone

Second
fone

Third tone

MAX PLANCK INSTITUTE
FOR GRAVITATIONAL PHYSICS
(ALBERT EINSTEIN INSTITUTE)
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The ringdown

The ringdown is dominated by characteristic oscillations known as quasi-normal modes:

Wimn — WR Imn =+ Z.WI,ETan

WR Imn

It is modeled as a sum of exponentially damped sinusoids: femn = , Tomn =

Two BHs release gravitational waves as they spiral inward
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The ringdown of GW250114
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The ringdown of GW250114

Lol — GW250114 ’, 0.f220
- --- GWTC-4.0 A - The fundamental mode is constrained
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General relativity
Abac et al., arXiv:2509.08099
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Testing Hawking’s area law

The black hole horizon area cannot decrease in time:

Surface area
after merger ...

2

GM
_ \ 2
O’>~r A—87T(62 (1+\/1—X)
O .. IS greater than T
the total surface
area before. Mass Spin

We compare the areas of the black holes
before and after the merger.

Strain [10721]
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Testing Hawking’s area law

GW250114 confirms that the remnant area is larger than the sum of the initial areas.

Hawking
Area
Theorem
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Probability Density
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Abac et al., PRL 135, 111403 (2025); https://ligo.org/science-summaries/gw250114_discovery/
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The inspiral of GW250114

The inspiral can be treated perturbatively in the post-Newtonian framework in powers of v/c.

Combining 17 events of GWTC-4.0 * GW250114
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GW230814

The loudest gravitational-wave signal in the fourth catalog detected by LIGO Livingston,

with signal-to-noise ratio of 42.4.
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The inspiral of GW230814
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The merger-ringdown of GW230814

We constrain fractional deviations from general relativity in the merger-ringdown part.
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The posteriors are shifted from general relativity, with negative log,, Bayes factors.
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The ringdown of GW230814

.

KerrPostmerger (-0.37y,)

than expected from general relativity:

S A ~ +0.15
/\/ ; ] 0T220 = —0.3Z575

The data supports a damping time smaller

—— pSEOBNR

The log,, Bayes factor is -0.43.
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The ringdown of GW230814

The ringdown analysis provides a visibly better fit to the data. What causes this deviation?
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Assessing waveform systematics

We perform injections with different waveform models in zero noise.
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Waveform systematics could contribute to the
observed bias in the ringdown damping time.
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Assessing detector effects

We perform injections in the real noise of the detector at various times around the event.
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The importance of a detector network

GW230814 highlights the need for a global network of gravitational-wave observatories for
robust tests of fundamental physics.
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GW231123

A gravitational wave signal from the most massive binary black hole observed to date
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GW231123

140 + 100 = 225 M,

15 Solar masses emitted
in gravitational waves
in only 0.1s
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GW231123

GW231123 hints at black holes formed through multiple generations of mergers
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Progenitor black holes GW231123 Final black hole

Credit: L. Pompili 28/30




Conclusions

10 years from the first detection, we have observed:
e The birth of multimessenger astronomy and cosmology
e A population of massive and spinning black holes

e The existence of compact objects in the mass gaps

e Tests of the nature of black holes
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What will happen in the next 10 years?
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