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GW150914
The first observation of gravitational waves from a binary black hole merger

https://www.ligo.org/magazine/LIGO-magazine-issue-8.pdf
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Signal-to-noise ratio = 24
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How many detections have we had?

 
Mass

These are the 
compact objects 
before merger 

This is the final 
object after merger 

}
Black Holes        and Neutron Stars  
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Gravitational-wave events

2015-2017
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Gravitational-wave events

2019
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2019-2020

Gravitational-wave events
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New Results from the  
LIGO-Virgo-KAGRA Collaboration



Gravitational-wave events

2015-2020
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Gravitational-wave events

218 black holes and neutron stars merging!

2023-2024
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The observing runs
O4a: May 2023 - January 2024  
O4b: April 2024 - January 2025 
O4c: January 2025 - November 2025 

https://observing.docs.ligo.org/plan/
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The sky localization
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O4a (GW231123)

Hanford, Livingston Virgo, Hanford, Livingston

O4c (S250830bp)

https://gracedb.ligo.org

https://gracedb.ligo.org


GW250114
The clearest view yet of merging black holes

Credit: J. Tissino (GSSI)/R. Hurt (Caltech-IPAC)

GW150914

GW250114

Signal-to-noise ratio = 80
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Black holes ringdown

Black holes “ring” after a merger.
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Black holes are simple objects that are 
only described by two numbers:  
their mass and spin. 

Other objects would ring differently.

Credit: L. Pompili



GW250114
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GW250114



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

It is modeled as a sum of exponentially damped sinusoids:

<latexit sha1_base64="2VSSPwsIaPmccehuCbC9lrCskv0="></latexit>

f`mn =
!R,`mn

2⇡
, ⌧`mn = � 1

!I,`mn

n=0
n=1

12/30



The ringdown of GW250114

https://ligo.org/science-summaries/GW250114_TGR/

Fundamental mode
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Overtone
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Higher-order mode
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The ringdown of GW250114

Abac et al., arXiv:2509.08099

The fundamental mode is constrained 
twice as strictly as combining events 
from the fourth catalog.
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General relativity

2%

10%



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

Testing Hawking’s area law

The black hole horizon area cannot decrease in time:
<latexit sha1_base64="2XLml8xvJFijBjz10KGInH66yqo="></latexit>
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Testing Hawking’s area law
GW250114 confirms that the remnant area is larger than the sum of the initial areas.

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        . 

<latexit sha1_base64="S35ZV5B9Yin4BcSEq5GJJoF/7+w=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU01E1GPRi8eK9gPaUDbbSbt0swm7m0IJ/QlePCji1V/kzX/jNu1BRcEHA4/3ZpiZFySCa+O6H05haXllda24XtrY3NreKe/uNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwup75rTEqzWN5byYJ+hEdSB5yRo2V7sYnrFeueFU3B/mbVGCBeq/83u3HLI1QGiao1h3PTYyfUWU4EzgtdVONCWUjOsCOpZJGqP0sP3VKjqzSJ2GsbElDcvXrREYjrSdRYDsjaob6pzcTf/M6qQkv/YzLJDUo2XxRmApiYjL7m/S5QmbExBLKFLe3EjakijJj0yn9L4TmadU7r3q3Z5Xa1SKOIhzAIRyDBxdQgxuoQwMYDOABnuDZEc6j8+K8zlsLzmJmH77BefsEEdmNqQ==</latexit>

v/c

https://ligo.org/science-summaries/GW250114_TGR/

Combining 17 events of GWTC-4.0 GW250114

<latexit sha1_base64="n8LKSW0Dh1JUTuxjDit4aAn8MgA=">AAACBHicjZBLSwMxFIUz9VXra9RlN8Ei1E2ZEVGXRTcuK9gHdMaSSTNtaCYzJHcKZZiFG/+KGxeKuPVHuPPfmD4WKgoeCBzOuZckX5AIrsFxPqzC0vLK6lpxvbSxubW9Y+/utXScKsqaNBax6gREM8ElawIHwTqJYiQKBGsHo8tp3x4zpXksb2CSMD8iA8lDTgmYqGeXPcFCqGIvVIRm4zyjuaf4YAhHt07Prrg1Zyb8t6mghRo9+93rxzSNmAQqiNZd10nAz4gCTgXLS16qWULoiAxY11hJIqb9bPaJHB+apI/DWJkjAc/SrxsZibSeRIGZjAgM9c9uGv7WdVMIz/2MyyQFJun8ojAVGGI8JYL7XDEKYmIMoYqbt2I6JAYHGG6l/0FoHdfc05p7fVKpXyxwFFEZHaAqctEZqqMr1EBNRNEdekBP6Nm6tx6tF+t1PlqwFjv76Just0+DOZgD</latexit>⇣v
c

⌘0
<latexit sha1_base64="i1PBl0PSV98JCjIMRpwjivAhiq8=">AAACBHicjZBLSwMxFIUz9VXra9RlN8Ei1E2ZEVGXRTcuK9gHdMaSSTNtaCYzJHcKZZiFG/+KGxeKuPVHuPPfmD4WKgoeCBzOuZckX5AIrsFxPqzC0vLK6lpxvbSxubW9Y+/utXScKsqaNBax6gREM8ElawIHwTqJYiQKBGsHo8tp3x4zpXksb2CSMD8iA8lDTgmYqGeXPcFCqGIvVIRm4zyjuaf4YAhHt27Prrg1Zyb8t6mghRo9+93rxzSNmAQqiNZd10nAz4gCTgXLS16qWULoiAxY11hJIqb9bPaJHB+apI/DWJkjAc/SrxsZibSeRIGZjAgM9c9uGv7WdVMIz/2MyyQFJun8ojAVGGI8JYL7XDEKYmIMoYqbt2I6JAYHGG6l/0FoHdfc05p7fVKpXyxwFFEZHaAqctEZqqMr1EBNRNEdekBP6Nm6tx6tF+t1PlqwFjv76Just0+EvZgE</latexit>⇣v
c

⌘1
<latexit sha1_base64="vfnholtceVLOLxTagq5I9yLyK38=">AAACBHicjZBLSwMxFIUzPmt9jbrsJliEuikzRdRl0Y3LCvYBnbFk0kwbmskMyZ1CGWbhxr/ixoUibv0R7vw3po+FioIHAodz7iXJFySCa3CcD2tpeWV1bb2wUdzc2t7Ztff2WzpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0eW0b4+Z0jyWNzBJmB+RgeQhpwRM1LNLnmAhVLAXKkKzcZ7R3FN8MITj21rPLrtVZyb8tymjhRo9+93rxzSNmAQqiNZd10nAz4gCTgXLi16qWULoiAxY11hJIqb9bPaJHB+ZpI/DWJkjAc/SrxsZibSeRIGZjAgM9c9uGv7WdVMIz/2MyyQFJun8ojAVGGI8JYL7XDEKYmIMoYqbt2I6JAYHGG7F/0Fo1aruadW9PinXLxY4CqiEDlEFuegM1dEVaqAmougOPaAn9GzdW4/Wi/U6H12yFjsH6Just0+GQZgF</latexit>⇣v
c

⌘2
<latexit sha1_base64="Uwpfvt3CYbXk1Ibf5i962Qckd/U=">AAACBHicjZBLSwMxFIUzPmt9jbrsJliEuikzKuqy6MZlBfuAzlgyaaYNzWSG5E6hDLNw419x40IRt/4Id/4b08dCRcEDgcM595LkCxLBNTjOh7WwuLS8slpYK65vbG5t2zu7TR2nirIGjUWs2gHRTHDJGsBBsHaiGIkCwVrB8HLSt0ZMaR7LGxgnzI9IX/KQUwIm6tolT7AQKtgLFaHZKM9o7ineH8Dh7XHXLrtVZyr8tymjuepd+93rxTSNmAQqiNYd10nAz4gCTgXLi16qWULokPRZx1hJIqb9bPqJHB+YpIfDWJkjAU/TrxsZibQeR4GZjAgM9M9uEv7WdVIIz/2MyyQFJunsojAVGGI8IYJ7XDEKYmwMoYqbt2I6IAYHGG7F/0FoHlXd06p7fVKuXcxxFFAJ7aMKctEZqqErVEcNRNEdekBP6Nm6tx6tF+t1NrpgzXf20DdZb5+HxZgG</latexit>⇣v
c

⌘3
<latexit sha1_base64="U9aZhFuZIZFJd4n6UMHBGXm/iKc=">AAACBHicjZBLSwMxFIUzPmt9jbrsJliEuikzUtRl0Y3LCvYBnbFk0kwbmskMyZ1CGWbhxr/ixoUibv0R7vw3po+FioIHAodz7iXJFySCa3CcD2tpeWV1bb2wUdzc2t7Ztff2WzpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0eW0b4+Z0jyWNzBJmB+RgeQhpwRM1LNLnmAhVLAXKkKzcZ7R3FN8MITj21rPLrtVZyb8tymjhRo9+93rxzSNmAQqiNZd10nAz4gCTgXLi16qWULoiAxY11hJIqb9bPaJHB+ZpI/DWJkjAc/SrxsZibSeRIGZjAgM9c9uGv7WdVMIz/2MyyQFJun8ojAVGGI8JYL7XDEKYmIMoYqbt2I6JAYHGG7F/0FonVTd06p7XSvXLxY4CqiEDlEFuegM1dEVaqAmougOPaAn9GzdW4/Wi/U6H12yFjsH6Just0+JSZgH</latexit>⇣v
c

⌘4
<latexit sha1_base64="uywxtdpoHfQJQtc4kDVP2UooOQk=">AAACBHicjZBLSwMxFIUzPmt9jbrsJliEuikzItVl0Y3LCvYBnbFk0kwbmskMyZ1CGWbhxr/ixoUibv0R7vw3po+FioIHAodz7iXJFySCa3CcD2tpeWV1bb2wUdzc2t7Ztff2WzpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0eW0b4+Z0jyWNzBJmB+RgeQhpwRM1LNLnmAhVLAXKkKzcZ7R3FN8MITj21rPLrtVZyb8tymjhRo9+93rxzSNmAQqiNZd10nAz4gCTgXLi16qWULoiAxY11hJIqb9bPaJHB+ZpI/DWJkjAc/SrxsZibSeRIGZjAgM9c9uGv7WdVMIz/2MyyQFJun8ojAVGGI8JYL7XDEKYmIMoYqbt2I6JAYHGG7F/0FonVTdWtW9Pi3XLxY4CqiEDlEFuegM1dEVaqAmougOPaAn9GzdW4/Wi/U6H12yFjsH6Just0+MUZgJ</latexit>⇣v
c

⌘6
<latexit sha1_base64="OX0Wr76zpy8SFbmUM01IWFBuAlE=">AAACBHicjZBLSwMxFIUzPmt9jbrsJliEuikzItZl0Y3LCvYBnbFk0kwbmskMyZ1CGWbhxr/ixoUibv0R7vw3po+FioIHAodz7iXJFySCa3CcD2tpeWV1bb2wUdzc2t7Ztff2WzpOFWVNGotYdQKimeCSNYGDYJ1EMRIFgrWD0eW0b4+Z0jyWNzBJmB+RgeQhpwRM1LNLnmAhVLAXKkKzcZ7R3FN8MITj21rPLrtVZyb8tymjhRo9+93rxzSNmAQqiNZd10nAz4gCTgXLi16qWULoiAxY11hJIqb9bPaJHB+ZpI/DWJkjAc/SrxsZibSeRIGZjAgM9c9uGv7WdVMIz/2MyyQFJun8ojAVGGI8JYL7XDEKYmIMoYqbt2I6JAYHGG7F/0FonVTds6p7fVquXyxwFFAJHaIKclEN1dEVaqAmougOPaAn9GzdW4/Wi/U6H12yFjsH6Just0+N1ZgK</latexit>⇣v
c

⌘7
<latexit sha1_base64="RWOiXj3Y04aR9qBMm0pSadP3TEg=">AAACInicjZBLSwMxFIUz9VXra9Slm2AR6qbMiFTdFd24rGAf0BlLJs1MQzMPkjuFMsxvceNfceNCUVeCP8b0sVCx4IHA4Zx7SfJ5ieAKLOvDKCwtr6yuFddLG5tb2zvm7l5LxamkrEljEcuORxQTPGJN4CBYJ5GMhJ5gbW94NenbIyYVj6NbGCfMDUkQcZ9TAjrqmReOYD5UsONLQrNRntHckTwYwPFdDTsiDhb2PbNsV62p8GJTRnM1euab049pGrIIqCBKdW0rATcjEjgVLC85qWIJoUMSsK62EQmZcrPpF3N8pJM+9mOpTwR4mn7fyEio1Dj09GRIYKB+d5Pwr66bgn/uZjxKUmARnV3kpwJDjCe8cJ9LRkGMtSFUcv1WTAdEwwBNtfQ/CK2Tql2r2jen5frlHEcRHaBDVEE2OkN1dI0aqIkoukeP6Bm9GA/Gk/FqvM9GC8Z8Zx/9kPH5BRnEpKY=</latexit>⇣v
c

⌘6
log

⇣v
c

⌘<latexit sha1_base64="ukScnbDtLouBeFXUvGBJmRBBurI=">AAACInicjZBLSwMxFIUz9VXra9Slm2AR6qbMiM9d0Y3LCvYBnbFk0sw0NPMguVMow/wWN/4VNy4UdSX4Y0wfCxULHggczrmXJJ+XCK7Asj6MwsLi0vJKcbW0tr6xuWVu7zRVnErKGjQWsWx7RDHBI9YADoK1E8lI6AnW8gZX4741ZFLxOLqFUcLckAQR9zkloKOueeEI5kMFO74kNBvmGc0dyYM+HN6dYEfEwdy+a5btqjURnm/KaKZ613xzejFNQxYBFUSpjm0l4GZEAqeC5SUnVSwhdEAC1tE2IiFTbjb5Yo4PdNLDfiz1iQBP0u8bGQmVGoWengwJ9NXvbhz+1XVS8M/djEdJCiyi04v8VGCI8ZgX7nHJKIiRNoRKrt+KaZ9oGKCplv4HoXlUtU+r9s1xuXY5w1FEe2gfVZCNzlANXaM6aiCK7tEjekYvxoPxZLwa79PRgjHb2UU/ZHx+ARgipKU=</latexit>⇣v
c

⌘5
log

⇣v
c

⌘

M
ax

im
um

 p
ha

se
 d

ev
ia

tio
n

10-1

100

101

17/30



The loudest gravitational-wave signal in the fourth catalog detected by LIGO Livingston,  
with signal-to-noise ratio of 42.4.

Abac et al., arXiv:2509.07348

GW230814

<latexit sha1_base64="ukpQlqn6c1e/U8RzuB6OlgcvlD4=">AAAB/3icjVDLSsNAFJ3UV62vqODGzWARXJVEi7osunEjVLQPaEKYTCft0JlJmJkIJWbhr7hxoYhbf8Odf+Ok7UJFwQOXezjnXu7lhAmjSjvOh1Wam19YXCovV1ZW19Y37M2ttopTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6LzwO7dEKhqLGz1OiM/RQNCIYqSNFNg7R3XoQU/y7DIPsqJfpyLPA7vq1pwJ4N+kCmZoBva7149xyonQmCGleq6TaD9DUlPMSF7xUkUShEdoQHqGCsSJ8rPJ/zncN0ofRrE0JTScqF83MsSVGvPQTHKkh+qnV4i/eb1UR6d+RkWSaiLw9FCUMqhjWIQB+1QSrNnYEIQlNb9CPEQSYW0iq/wvhPZhzT2uuVf1auNsFkcZ7II9cABccAIa4AI0QQtgcAcewBN4tu6tR+vFep2OlqzZzjb4BuvtE4ntldM=</latexit>
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59 MSun
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Abac+, arXiv:2509.07348; Mehta+ 2023; Agathos+ 2024; Meidam+ 2018; Roy+ 2025 
107, 044020

The inspiral parameters are 
consistent with general relativity. 

The inspiral of GW230814
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The merger-ringdown of GW230814

Abac+, arXiv:2509.07348; Agathos+ 2024; Meidam+ 2018; Roy+ 2025 
107, 044020

We constrain fractional deviations from general relativity in the merger-ringdown part.

The posteriors are shifted from general relativity, with negative           Bayes factors.
<latexit sha1_base64="8/Dynp7k8NzVGHQWSxfcrX2e1KU=">AAAB8HicjVDJSgNBEK2OW4xb1KOXxiB4CjMi6jHoxWMEs0gyhJ5OT9Kkl6G7RwhDvsKLB0W8+jne/Bs7y0FFwQcFj/eqqKoXp4JbFwQfqLC0vLK6VlwvbWxube+Ud/eaVmeGsgbVQpt2TCwTXLGG406wdmoYkbFgrXh0NfVb98xYrtWtG6cskmSgeMIpcV666wo96OVhMOmVK2E1mAH/TSqwQL1Xfu/2Nc0kU44KYm0nDFIX5cQ4TgWblLqZZSmhIzJgHU8VkcxG+ezgCT7ySh8n2vhSDs/UrxM5kdaOZew7JXFD+9Obir95ncwlF1HOVZo5puh8UZIJ7DSefo/73DDqxNgTQg33t2I6JIZQ5zMq/S+E5kk1PKuGN6eV2uUijiIcwCEcQwjnUINrqEMDKEh4gCd4RgY9ohf0Om8toMXMPnwDevsEerCQMw==</latexit>

log10

Merger-ringdown 
parameters 

General relativity
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Abac+, arXiv:2509.07348; Brito+ 2018; Ghosh+ 2021; Maggio+ 2023; Pompili+ 2025; Carullo+ 2019; Isi+ 2021; Gennari+ 2024

The data supports a damping time smaller 
than expected from general relativity:

<latexit sha1_base64="anMAKhCnubrIv57Q9HcwvhQUcpY=">AAACF3icjVDLSgNBEJyNrxhfUY9eBoMgiMvu+rwIohePCsYEsjH0TibJkNkHM71CWPYvvPgrXjwo4lVv/o2TmIOKggUNNVXd9HQFiRQaHefdKkxMTk3PFGdLc/MLi0vl5ZUrHaeK8SqLZazqAWguRcSrKFDyeqI4hIHktaB/OvRrN1xpEUeXOEh4M4RuJDqCARqpVbb9NpcI1O8BZj5Cmrcyz3NyekS3HXvnOttybHfPiOblenmrXHFtZwT6N6mQMc5b5Te/HbM05BEyCVo3XCfBZgYKBZM8L/mp5gmwPnR5w9AIQq6b2eiunG4YpU07sTIVIR2pXycyCLUehIHpDAF7+qc3FH/zGil2DpuZiJIUecQ+F3VSSTGmw5BoWyjOUA4MAaaE+StlPVDA0ERZ+l8IV57t7tvuxW7l+GQcR5GskXWySVxyQI7JGTknVcLILbknj+TJurMerGfr5bO1YI1nVsk3WK8fduuc7Q==</latexit>

�⌧̂220 = �0.3+0.15
�0.12

The          Bayes factor is -0.43. 
<latexit sha1_base64="8/Dynp7k8NzVGHQWSxfcrX2e1KU=">AAAB8HicjVDJSgNBEK2OW4xb1KOXxiB4CjMi6jHoxWMEs0gyhJ5OT9Kkl6G7RwhDvsKLB0W8+jne/Bs7y0FFwQcFj/eqqKoXp4JbFwQfqLC0vLK6VlwvbWxube+Ud/eaVmeGsgbVQpt2TCwTXLGG406wdmoYkbFgrXh0NfVb98xYrtWtG6cskmSgeMIpcV666wo96OVhMOmVK2E1mAH/TSqwQL1Xfu/2Nc0kU44KYm0nDFIX5cQ4TgWblLqZZSmhIzJgHU8VkcxG+ezgCT7ySh8n2vhSDs/UrxM5kdaOZew7JXFD+9Obir95ncwlF1HOVZo5puh8UZIJ7DSefo/73DDqxNgTQg33t2I6JIZQ5zMq/S+E5kk1PKuGN6eV2uUijiIcwCEcQwjnUINrqEMDKEh4gCd4RgY9ohf0Om8toMXMPnwDevsEerCQMw==</latexit>

log10

The ringdown of GW230814

General relativity
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https://ligo.org/science-summaries/GW230814/

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

The ringdown of GW230814
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Abac et al., arXiv:2509.07348107

Assessing waveform systematics
We perform injections with different waveform models in zero noise.

Injection

GW230814

General  
relativity

Waveform systematics could contribute to the 
observed bias in the ringdown damping time.
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We perform injections in the real noise of the detector at various times around the event.

log10 Bayes factor GR vs non-GR
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GW230814

Assessing detector effects

Statistical fluctuations in real detector noise 
can be responsible for apparent deviations 

from general relativity in the ringdown.

24/30Abac et al., arXiv:2509.07348107



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

The importance of a detector network

Credit:Caltech/MIT/LIGO Lab; EGO/Virgo; ICRR; GEO600 25/30



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

Abac et al., arXiv:2507.08219



GW231123

140 + 100  225  

15 Solar masses emitted 
in gravitational waves  

in only 0.1s

→ MSun
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GW231123
GW231123 hints at black holes formed through multiple generations of mergers

Progenitor black holes GW231123 Final black hole
28/30Credit: L. Pompili



10 years from the first detection, we have observed: 

• The birth of multimessenger astronomy and cosmology 

• A population of massive and spinning black holes 

• The existence of compact objects in the mass gaps 

• Tests of the nature of black holes

29/30

Conclusions
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What will happen in the next 10 years?

https://shanikagalaudage.github.io/


