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https://en.wikipedia.org/wiki/Hulse%E2%80%93Taylor_bi
nary#/media/File:PSR_B1913+16_period_shift_graph.svg

https://en.wikipedia.org/wiki/First_observation_of_gravitational_waves#/media/File:LIGO_meas
urement_of_gravitational_waves.svg

Gravitational-Waves (GWs)
Ripples of spacetime curvature that propagates as
waves
Indirect detection - PSR 1913+16 (Hulse & Taylor 1974,
Weisberg & Taylor 2005)
Direct detection - GW150914 by aLIGO
Multi-messenger astronomy



Introduction
Interferometric GW detectors

LIGO Hanford / Livingston

Caltech/MIT/LIGO Lab
Virgo KAGRA 

(By Christopher Berry -
http://cplberry.com/2015/07/26/whats-up-doc/, CC BY-SA 4.0,
https://commons.wikimedia.org/w/index.php?curid=45370733)



Introduction
Interferometric GW detectors

Image credit: LIGO/T. Pyle
https://www.youtube.com/watch?v=tQ_teIUb3tE&t=56s



Introduction
Pulsar Timing Array

David Champion/Max Planck Institute for Radio Astronomy

Michael Kramer - http://www.jb.man.ac.uk/~mkramer/Animations.html

http://www.jb.man.ac.uk/~mkramer/Animations.html


Introduction
EM wave vs. GW
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Property Electromagnetic waves Gravitational waves

Nature Electromagnetic radiation Ripples in spacetime curvature

Radiation mechanism Dipole radiation Quadrupole radiation

Propagation speed Speed of light Speed of light

Interaction with matter Easily absorbed, scattered, or
emitted by matter

Extremely weakly interacting,
pass through matter almost

unaffected

Polarization
Linear, circular, elliptic

(continuous states from 2 basis
vectors)

Plus, cross (2 fixed geometric
modes)

Observable quantity Intensity (∝ 1/r^2) Strain amplitude (∝ 1/r)

Gravitational Lensing Yes Yes



Introduction
GW sources

Credit: 
Shanika Galaudage



Introduction
Black hole

Wikipedia: X-ray binary Wikipedia: Sagittarius A*

Wikipedia: Quasar

https://www.eso.org/public/imag
es/eso2208-eht-mwa/

Black hole (BH)
Solution of Einstein equation
Schwarzschild (1916), Kerr (1963)
Observations

X-ray binaries 
Quasar
Stars orbiting Sagittarius A*
Gravitational waves
EHT
...



Image credit: NASA/JPL-Caltech

Black hole (BH)
Subsolar mass BH

Primordial
Early universe
Candidate of dark matter

Stellar mass BH
stellar evolution

initial mass function of stars,
metallicity, mass gap

Merger of neutron stars
Intermediate mass BH
Supermassive BH

M-σ relation

Introduction
Black hole



Introduction
Binary Black Holes
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Binary Black holes (BBHs)
Pair of two black holes
More than 90% of GW sources ever
detected
Strong GW signal
Detectable frequency for current
interferometric GW detectors - Stellar
mass BBH
Predictable waveforms 
Coalescence 

Inspiral - Merger - Ringdown 

M. Favata/SXS/K. Thorne
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Formation

Massive Binary Star → Binary Black Hole



Formation
Dynamical evolution of star cluster

Self-gravitating system
Core collapse
Mass segregation

Dynamical formation of BBH
Three-body process
Dynamical capture

M80 (NGC 6093)
NASA, The Hubble Heritage Team, STScI, AURA - Great Images in
NASA Description

Nuclear star cluster of Milky Way
Stefan Gillessen, Reinhard Genzel, Frank Eisenhauer -
http://www.eso.org/public/outreach/press-rel/pr-2008/pr-46-08.html

Cohn (1980)

http://dayton.hq.nasa.gov/IMAGES/LARGE/GPN-2000-000930.jpg
http://dayton.hq.nasa.gov/IMAGES/LARGE/GPN-2000-000930.jpg
http://grin.hq.nasa.gov/ABSTRACTS/GPN-2000-000930.html
http://www.eso.org/public/outreach/press-rel/pr-2008/pr-46-08.html


Formation
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Three-body process
Binary formation through the interactions of three or more bodies
Newtonian process



Formation
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Dynamical capture
Gravitational radiation driven capture (GR capture),
or Gravitational wave capture (GW capture)
Two body process
Unbound orbit to bound orbit by emitting GWs
Energy radiation > orbital energy

Bae et al. (2017) PRD 96, 084009





EVOLUTION



Evolution Phase

Blanchet, L. 2014, Living Review in Relativity, 17, 2

M. Favata/SXS/K. Thorne

Inspiral - Merger - Ringdown



Inspiral
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A. Stuver/LIGO, https://www.ligo.org/science/GW-Inspiral.php

Credit: LSC/Alex Nitz, https://www.ligo.caltech.edu/WA/image/ligo20171016f

GW Strain from quasi-circular binary



Inspiral

Circularization
Energy & Angular momentum radiation (Peters 1964)

Peters 1964



Innermost Stable Circular Orbit (ISCO)
ISCO of test particle in Schwarzschild metric

Highest GW frequency of inspiral phase

The location of the ISCO varies with black hole spin and is less well-defined in
comparable-mass binaries.
However, it typically marks the end of the inspiral and the onset of the plunge.

Inspiral



image credit: David J. Champion

aSOGRO
Bae et al. 2024

https://gwplotter.com/

Supermassive BH Intermediate
mass BH

Stellar
mass BH

Neutron star /
Primordial BH



Inspiral
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Ebersold et al. (2022)

Weichangfeng et al.  (2022)

Highly Eccentric orbit
Very close encounter of BHs
Kozai-Lidov mechanism
Primordial BHs

Waveform
Sporadic burst
Merger-Ringdown without inspiral
Repeated burst in a short time

GW190521
Quasi-circular (Abbott et al. 2020)
e~0.1 (Romero-Shaw et al. 2020)
e~0.69 (Gayathri et al. 2022)
Dynamical capture (e≳1) (Gamba et al. 2022)
Head-on collision (Bustillo et al. 2021)



Inspiral
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Eccentricity &
Spin effect

Campanelli et al.
(2006)
Orbits with anti-aligned
(left) and aligned (right)
spins with the direction
of orbital angular
momentum

Abbott et al. (2019) 

https://www.soundsofspacetime.org/spinning-binaries.html



Merger
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Each BH reaches very high speed just before merger.
GW emission peak
Common horizon forms
Recoil (Kick)

Asymmetric GW emission
Unequal mass / Spin
Up to ~10,000 km/s (Healy et al. 2009)

Numerical Relativity
3+1 formalism
Accurate, but slow and expensive



Numerical Relativity

‹#›

Gourgoulhon, E. 2012, 3+1 Formalism in General
Relativity: Bases of Numerical Relativity, Lecture Notes
in Physics, Volume 846

Einstein equations

3+1 formalism
4 dimensional space time → 3+1 dimension
Constraint & Evolution equations
Gauge choice



Ringdown
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Love number
Parameter that measures the rigidity or deformability of a body
(planet/star) in response to the tidal forces exerted by another body
Higher Love number - less rigid   /   Lower Love number - more rigid
For static external tidal field:

Schwarzschild BH - zero Love number (e.g. Binnington & Poisson
2009)
Kerr BH - Small, but non-zero Love number (e.g. Le Tiec & Casals
2021)

How about that in dynamical situation?



Ringdown
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Ringing of merged black hole
Gradually settling into a stable Kerr black hole
Damped oscillation after the merger

Higher GW frequency than inspiral
Perturbation theory
Astrophysical information - mass, spin
Quasi-normal mode (Berti et al. 2006, …)

Testing general relativity



Ringdown

‹#›Berti et al. 2006



Ringdown

For a 10-solar-mass non-
spinning BH, the physical
scales of the (l=2,m=2,n=0)
mode are as follows:







GWTC
GRAVITATIONAL WAVE TRANSIENT CATALOG



Modeled vs. Unmodeled search

Modeled search
Assumes theoretical waveform templates
Uses matched filtering for signal extraction
Suitable for compact binary coalescence (CBC) events
Enables accurate parameter estimation
May miss poorly modeled or unexpected signals

Unmodeled search
Makes no assumption about signal shape
Detects excess power in time-frequency domain
Requires coincident excess power triggers in two or more detectors to
reject local glitches and confirm genuine signals
Uses algorithms like Coherent WaveBurst (cWB)
Designed to detect bursts, supernovae, unknown transients
Less precies; higher false-alarm rate



GWTC 
Gravitational-Wave Transient Catalog
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GWTC-1  
O1 (2015.09.12 - 2016.01.19)

First detection of GWs 
O2 (2016.11.30 - 2017.08.25)

First detection of a binary neutron star inspiral 
11 GW sources 

GWTC-2, GWTC-2.1
O3a (2019.04.01 - 2019.10.01)
44 GW sources 

GWTC-3
O3b (2019.11.01 - 2020.03.27)
35 GW sources 

GWTC-4 ?
O4a (2023.05.24 - 2024.01.16)
O4b (2024.04.10 - 2025.01.28)
O4c (2025.01.28 - 2025.11.18)
More than 200 GW sources https://observing.docs.ligo.org/plan/



GWTC
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…
https://gwosc.org/eventapi/html/GWTC/
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https://www.ligo.caltech.edu/MIT/image/ligo20211107a



GW150914

First direct GW detection
First observational confirmation
of stellar-mass binary black hole
mergers
Source: Binary black hole merger

m  ~36 M , m  ~29 M1 ⨀ 2 ⨀
Final BH mass: ~62M , Energy radiated:
~3M

⨀

⨀
Distance ~ 440 Mpc

Network SNR ~ 26, Duration ~
0.2s
2017 Nobel Prize in physics B. P. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) — full list at the end of the article -

http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102 . See also the associated Jupyter notebook.

http://physics.aps.org/featured-article-pdf/10.1103/PhysRevLett.116.061102
https://github.com/minrk/ligo-binder


GW170817

First multimessenger astrophysics event
Combined GW + EM observations

Source: Binary neutron star merger (inspiral)
m  ~1.46 M , m  ~1.27 M1 ⨀ 2 ⨀
Distance ~ 40 Mpc

Network SNR ~ 33, Duration ~ 100s
Electromagnetic counterparts

Detected ~1.7s later: Gamma-ray burst (GRB 170817A)
Optical + infrared follow up: Kilonova
Over 70 observatories contributed

Used as a standard siren to measure Hubble
constant ~70km/s/Mpc

LIGO Scientific Collaboration and Virgo Collaboration



GW190521

Source: Binary black hole merger
m  ~85 M , m  ~66 M1 ⨀ 2 ⨀
Final BH ~ 142 M  : IMBH candidate⨀
Distance ~ 5.3 Gpc

Very short signal (~0.1s), peaking at low frequencies (~60Hz)
BH fall into the upper mass gap (~60-120 M ) & Resulting BH is
in the IMBH range

⨀

Hints at possible hierarchical mergers or new formation
channels
May have originated from an eccentric binary merger,
potentially in a dense stellar environment 

R. Abbott et al. (LIGO Scientific Collaboration and Virgo Collaboration) -
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.101102

https://doi.org/10.1103/PhysRevLett.125.101102

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.101102
https://doi.org/10.1103/PhysRevLett.125.101102


GW200105 / GW200115

Source: Neutron star - Binary black hole merger
GW200105: m  ~8.9 M , m  ~1.9 M1 ⨀ 2 ⨀
GW200115: m  ~5.7 M , m  ~1.5 M1 ⨀ 2 ⨀

Confident detections of NS-BH mergers by LIGO-Virgo
Secondary masses are consistent with NS.
No electromagnetic counterpart detected.

Likely due to high mass ratio and no tidal disruption of the NS
Added critical data to population models and merger rate
estimates
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Merger rate
BNS: 10-1700 Gpc⁻³ yr⁻¹
NSBH: 7.8-140 Gpc⁻³ yr⁻¹
BBH: 17.9-44 Gpc⁻³ yr⁻¹ (at z=0.2)

Mass distribution
NS: broad, relatively flat distribution from 1.2 M๏
to 2.0 M๏
BBH: Peaks emerging at chirp masses of 8.3 M๏
and 27.9 M๏
Primary mass distribution strongly decrease with
mass; no clear evidence of an upper mass gap
suppression above ~60 M๏

BH spin 
Typically small; half are below 𝛘≃0.25i

Negative effective spin 𝛘 ~29%eff

Increase in spin magnitude for systems with more
unequal mass ratios

GWTC-3
Abbott et al. (2023) PRX 13, 011048

Abbott et al. (2023) PRX 13, 011048

Abbott et al. (2023) PRX 13, 011048



GW231123
(arXiv:2507.08219)

Highest-mass BBH observed to date (190-
265 M  total remnant mass), featuring two
BHs with exceptionally high spins.

⨀

The primary BH’s mass challenges the
theorized upper mass gap, suggesting
formation channels beyond standard stellar
collapse, such as hierarchical mergers.

arXiv:2507.08219

arXiv:2507.08219



Binary black holes are the main targets of
current GW detectors.
Formation

Evolution of stellar binary
Dynamical formation in star cluster

Coalescence
inspiral-merger-ringdown


