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2015: First Detection ɀGW150914
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Abbott et al, DOI: https://doi.org/10.1103/PhysRevLett.116.061102

https://doi.org/10.1103/PhysRevLett.116.061102


O1 and O2 events
!ōōƻǘǘ Ŝǘ ŀƭΣ άGWTC-1έΣ нлмф 

Observations
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https://doi.org/10.1103/PhysRevX.9.031040


Observations
O3a: Apr ς Oct 2019
Abbott et al, GWTC-2, 2021

O3b: Nov 2019 ς Mar 2020, Abbott et al, GWTC-3, 2021 4

https://doi.org/10.1103/PhysRevX.11.021053
https://doi.org/10.1103/PhysRevX.13.041039


Gravitational Waves Originate from accelerating masses
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Generating gravitational waves

ÅTime varying mass quadrupole 
generates gravitational waves

ÅBinary system is ideal
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gravitational
wave: 10-18

 m

ground motion:
10-8 m

(1010 × bigger)

thermal vibrations:
10-12 m

(106 × bigger)

laser 
wavelength:

10-6 m
(1012 × bigger)
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2015 
Sensitivity

CǊƻƳ !ōōƻǘǘ Ŝǘ ŀƭΣ άObservation of Gravitational Waves 
from a Binary Black Hole MergerέΣ нлмс
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https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
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How to go
 ŦǊƻƳ ǘƘƛǎ Χ

Χ ǘƻ ǘƘƛǎΚ



Measurement Accuracy
Å/ŀƴƴƻǘ ŘƛǎǘƛƴƎǳƛǎƘ Ȅ ŀƴŘ ȄΩ ƛŦ 

 | x ς ȄΩμ Җ few s

ÅFor gravitational waves, waveforms 
Ὤ ÁÎÄ Ὤ are indistinguishable if

Ὤ Ὤ  Җ ÆÅ× 

where

ὬȟὬ τ2Å
Ὤ ὪὬᶻὪ

ὛὪ
ὨὪ

x ȄΩ

s



Source 
localization

ÅLocalization primarily from 
time delays between 
detectors

ÅUsing relative amplitude and 
phase improves accuracy
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SF, άTriangulation of gravitational wave sources 
with a network of detectorsέΣ нллф

https://doi.org/10.1088/1367-2630/11/12/123006
https://doi.org/10.1088/1367-2630/11/12/123006


Source 
localization

ÅLocalization primarily from 
time delays between 
detectors

ÅUsing relative amplitude and 
phase improves accuracy

15From Abbott Ŝǘ ŀƭΣ άGWTC-1έΣ нлмф 

https://doi.org/10.1103/PhysRevX.9.031040


GW170817: Neutron Stars and 
Multi-messenger Observation

CǊƻƳ !ōōƻǘǘ Ŝǘ ŀƭΣ άMulti -Messenger Observations of 
a Binary Neutron Star Merger έΣ нлмт
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https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101


Masses
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ÅOrbits decay due to 
emission of gravitational 
waves

ÅLeading order evolution 
of waveform  determined 
ōȅ άŎƘƛǊǇ Ƴŀǎǎέ



Masses
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ÅOrbits decay due to 
emission of gravitational 
waves

ÅLeading order evolution 
of waveform  determined 
ōȅ άŎƘƛǊǇ Ƴŀǎǎέ

CǊƻƳ !ōōƻǘǘ Ŝǘ ŀƭΣ άBinary Black Hole Mergers in 
the first Advanced LIGO Observing RunέΣ нлмс

https://doi.org/10.1103/PhysRevX.6.041015
https://doi.org/10.1103/PhysRevX.6.041015


Mass 
Population
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Over-density between 8M
¼ 

and 10M
¼

 and around 
26M

¼.

ÅA weaker feature at 
around 14M

¼ 

ÅAbsence of mergers 
between 10M

¼
 and 12M

¼
.

Inferred 
Astrophysical 
Distribution

CǊƻƳ !ōōƻǘǘ Ŝǘ ŀƭΣ άPopulation of Merging Compact Binaries 
Inferred Using Gravitational Waves through GWTC-3έΣ нлнм

https://doi.org/10.1103/PhysRevX.13.011048
https://doi.org/10.1103/PhysRevX.13.011048


Higher Multipoles

ÅGravitational wave can be 
decomposed as infinite sum 
of spherical harmonics

Å(l, m) = (2, 2) is dominant

ÅOther harmonics contribute, 
particularly (3, 3) and (4, 4)

ÅMany modes vanish for equal 
mass and/or face-on systems
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CǊƻƳ {C Ŝǘ ŀƭΣ άIdentifying heavy stellar black holes at cosmological 
distances with next-generation gravitational-wave observatoriesέΣ нлнп

https://doi.org/10.1093/mnras/stae443
https://doi.org/10.1093/mnras/stae443


GW190412: Higher GW Multipoles
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GW190412: Unequal mass and higher harmonics

Mass ratio, m2/m1 
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From Abbott et al, άGW190412: Observation of a Binary-Black-Hole 
Coalescence with Asymmetric MassesέΣ нлнл

https://doi.org/10.1103/PhysRevD.102.043015
https://doi.org/10.1103/PhysRevD.102.043015


Spins

Spins can teach us about 
binary formation 
scenarios

ÅAligned spins in 
isolated binary 

ÅArbitrary orientation in 
dynamical binary

ÅLarger spins in 
hierarchical mergers
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Spin 
Population 

ÅSpin magnitudes generally small but 
non-vanishing.

ÅSignificant spin-orbit misalignment

ÅDespite misalignment, spin orientations 
are not isotropic; challenge to purely-
dynamical origin
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CǊƻƳ !ōōƻǘǘ Ŝǘ ŀƭΣ άPopulation of Merging Compact Binaries 
Inferred Using Gravitational Waves through GWTC-3έΣ нлнм

https://doi.org/10.1103/PhysRevX.13.011048
https://doi.org/10.1103/PhysRevX.13.011048


Precession

From: https://vijayvarma392.github.io/binaryBHexp 25

ÅIf spins are mis-aligned with orbital 
angular momentum, then orbital 
plane changes over time

ÅDirection of angular momentum 
remains (approximately) constant

ÅLeads to modulations of the 
waveform. Can be interpreted as 
άōŜŀǘƛƴƎέ ƻŦ ŘƛŦŦŜǊŜƴǘ ƘŀǊƳƻƴƛŎǎ 
with similar frequency
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CǊƻƳ {C Ŝǘ ŀƭΣ άSimple parameter estimation using 
observable features of gravitational-wave signalsέΣ нлно

https://doi.org/10.1103/PhysRevD.108.082006
https://doi.org/10.1103/PhysRevD.108.082006


GW190814: Neutron Star or Black Hole
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