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Overview - Practical Info

• The goal of these lectures is to give an overview of gravitational wave astronomy and 
cosmology, focused on applications with standard sirens

• Focus on compact object binaries in LIGO/Virgo/KAGRA band
• I will avoid technical derivations

• Lectures based on:
•  Jose Maria Ezquiaga (Niels Bohr Institute) material: https://github.com/ezquiaga/a-

premiere-on-gw-cosmology/ - includes notes with derivations for the equations 
shown, references to seminal papers and textbooks

• Encyclopedia of Astrophysics Gravitational wave cosmology Book Chapter : AP & 
Mastrogiovanni 2025 https://arxiv.org/abs/2502.00239 

• Links to relevant resources in each slide will be available in the pdf

https://github.com/ezquiaga/a-premiere-on-gw-cosmology/
https://github.com/ezquiaga/a-premiere-on-gw-cosmology/
https://github.com/ezquiaga/a-premiere-on-gw-cosmology/blob/main/Lecture_Notes_BHs_GWs.pdf
https://arxiv.org/abs/2502.00239


Overview 

• Origin of Compact Object Binaries 

Brief Intro

• Gravitational waves (GWs) basics

Gravitational wave propagation, quadrupole formula, compact binary 

coalescence

• Gravitational wave astronomy

Detection, matched filtering, data analysis, current observations, future 

prospects

• Standard siren Cosmology

Bright, dark, and spectral sirens, EM emission from GW sources, current 

measurements and prospects



Origin of 
Compact 
Object Binaries



Credit: Chandra

(+direct collapse above mass gap)

Mass gap in black hole mass distribution
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See Breivik 2025, Encyclopedia of Astrophysics

+primordial black holes
+Central black holes in ultra-dwarf galaxies…

https://arxiv.org/pdf/2502.03523


M1/M2~1
(many) M > 45 M

~large e

some M1/M2<<1
many multi-gen: > 45 M

~large? e

e.g. Antonini+16, Rodriguez+19, 
Kremer+19, Mapelli+21

few M > 45 M
some M1/M2<<1

symmetric effective spins

e.g. Di Carlo+19,20 no > 45 M
~high e

e.g. Antonini+17, Martinez+20,21, 
Xuan+24, Dorozmai+24

correlations in M & spins

no > 45 M

mostly M1/M2~1
EM flares

maybe large effective spins

e.g. Kinugawa+14, 
Dominik+15, Mandel+16, 

Marchant+16, Chruslinska+18, 
Kruckow+18, Zevin+20, van 

Son+20 Santoloquido+21, 
Broekgaarden+21accelerated inspirals

e.g. McKernan+20,22, Tagawa+21, Dittmann+23, 
Grishin+24 e.g. DeLaurentiis+24, 

Dittmann+24

There are many 
formation 

environments!

See Breivik 2025, Encyclopedia of Astrophysics 
Mandel & Broekgaarden 2022, LLR

https://arxiv.org/pdf/2502.03523
https://arxiv.org/pdf/2107.14239


~3 Myr ~3-10 Myr ~5-50 Myr ~30-60 Myr ~100-1000 Myr

Time Delay

Isolated Binaries 
Stable mass transfer

Common Envelope

See Breivik 2025, Encyclopedia of Astrophysics 
Mandel & Broekgaarden 2022, LLR

https://arxiv.org/pdf/2502.03523
https://arxiv.org/pdf/2107.14239


Supermassive 
black hole

Accre3on 
disk

Stellar black 
hole binary

Stellar black 
hole punching 
through disk

Migra3on trap

Binaries in AGN disks 



z ∼ 2

Chen, Ezquiaga & Gupta 2024



2028+

Chen, Ezquiaga & Gupta 2024



2028+

Chen, Ezquiaga & Gupta 2024

https://arxiv.org/abs/2402.03120


Gravitational 
Waves
Basics
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k↵r↵✏µ⌫ = 0









Trace reversed 
perturbations







ι (Inclination angle)







Numerical relativity simulations of binary black hole merger

https://www.youtube.com/watch?v=1agm33iEAuo
https://www.youtube.com/watch?v=1agm33iEAuo
https://www.youtube.com/watch?v=1agm33iEAuo
https://www.youtube.com/watch?v=1agm33iEAuo




Caltech/MIT/LIGO Laboratory





• Gravitational waves are perturbations of space-time that propagate 
across the Universe

• They propagate along null geodesics and carry only two 
polarizations

• Gravitational waves are sourced by the second time derivative of 
the quadrupole moment

• On a cosmological background, amplitude scales inversely with the 
luminosity distance 

• Compact binary coalescences produce sizable gravitational waves 
with a chirping waveform 

• Compact object binaries have many possible formation channels



Gravitational 
Wave 
Astronomy



LGW ∼ c5

G
∼ 1059erg s−1

In reality : ∼ 1054 − 1056 erg s−1

Most luminous GRB : ∼ 1054 erg s−1





Credit: NSF









Power spectral density (PSD)







https://www.youtube.com/watch?v=L2j6xmQRrUg


Idea: use waveform models 
as templates to match and 

filter the data, digging up the signal 
from the noise





https://www.youtube.com/watch?v=bBBDR5jf9oU






Typically parameters 
are correlated

Chirp mass

Mass ratio

[Credit: LVK]

https://ligo.org/science-summaries/GW150914Astro/




• Consider events collectively to learn about the population properties: 
formation channels, standard sirens

• Astrophysical vs detected population
• Individual detections can be fit jointly using hierarchical Bayesian 

inference to measure the mass (and other parameters) distribution of 
merging compact objects

• Population model described by hyper-parameters 

• GW data  for Nobs events, with posteriors  on the parameters 

• Hierarchical: we need  first before getting hyper-parameters posteriors

λ = {λ}
{di} p(θ |di) θ = {θi}

p(θ |di)



p(di |λ) Likelihood of data given pop model for event i

See Mandel, Farr & Gair 2018, MNRAS; Callister 2025, Encyclopedia of Astrophysics

https://arxiv.org/abs/1809.02063
https://arxiv.org/abs/2410.19145


390 GW events
• 2-3 binary neutron stars
• 5-7 neutron star black holes
1 confirmed EM counterpart (a 

dozen candidates)

(Upper) Mass Gap??



GWTC-4/5 Population

LVK 2026 arxiv:2605.27226

LVK 2026 arxiv:2508.18083

Drop

Peak Build-up/Shoulder Gap?



GWTC-5 Population

LVK 2026 arxiv:2605.27226






