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1. Overview



Einstein’s extraordinary prediction: waves
Distortions arising as a 
consequence of Einstein’s 
general relativity whenever 
matter moves or changes its 
configuration: gµν = ηµν + hµν

In linearized general relativity:

Estimate strain at distance r 
away:

h ~ (c/r) Q’’ 1/(c5 /G)

They distort space itself: 
stretching one direction and 
squeezing the perpendicular 
in the first half period and 
vice versa in the second 
half.

Two polarizations, plus ⊕ and 
cross ⊗

3.6x1052 W



Gravitational waves in action

Two massive, 
compact objects 
in a tight orbit deform space (and any object 

in it) with a frequency which 
is twice the orbital frequency

The stretching is proportional to the 
size of the object, i.e. described by a 
dimensionless “strain”, h = ∆L / L

h is inversely propor-
tional to the distance 
from the source

Slide credit: Peter Shawhan 5
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«Lasciate ogni speranza, voi ch’entrate»



Sources of gravitational waves
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Compact Binaries:
Black holes & neutron 

stars
Inspiral, merger and 

ringdown
Probe internal structure, 

populations, and 
spacetime geometry

Periodic waves:
Isolated neutron stars 

with mountains or 
wobbling

Low-mass X-ray binaries
Probe internal structure 

and populations

John Rowe/CSIRO

Crab pulsar 
(NASA, Chandra Observatory)



Sources of gravitational waves
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Unmodelled bursts:
Supernovae, neutron star 

glitches
Cosmic strings, black hole 

mergers, .....
Correlations with electro-

magnetic observations
Catch-all for everything that we 

don’t know or haven’t 
anticipated!

Stochastic Background:
Big bang & early universe
Background from sources of 

gravitational wave transients
NASA, WMAP



Gravitational radiation amplitude

10http://www.tapir.caltech.edu/%7Eteviet/Waves/empulse.html

M=3x1030kg
R=20km
f~400Hz
r~4.5x1023m

Kepler’s 3rd law

Quadrupole approximation

“chirp” mass Mc

1 2



Gravitational radiation frequency

11http://www.tapir.caltech.edu/%7Eteviet/Waves/empulse.html

“chirp” mass Mc

1 2

Kepler’s 3rd law

Quadrupole formula

Energy balance



Principle of interferometry
Wave from x arm.

Light exiting 
from beam 
splitter.

As relative 
arm lengths 
change, 
interference 
causes 
change in 
brightness 
at output.

Wave from y arm.

Nothing!






Measurement in the real world
If able to measure ∆L ~ 3x10-19 m over arm lengths 
of L ~ 4km, then ∆L/L= h~10–22

That’s our astrophysical target !
What makes it hard?

External forces also push the mirrors around
Laser light has fluctuations in its phase and amplitude

13



Interefometric and environmental sensors
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Each LIGO detector 
records over 200,000 
auxiliary channels 
that monitor 
instrument 
(interferometric) 
behavior and 
environmental 
conditions.

Enables the study of 
correlations 
(couplings) of the 
gravitational wave 
channel with the 
environment 
(including global 
events, e.g. 
lightnings).

LIGO and Virgo Collaborations, CQG 33, 134001 (2016) 



Gravitational-wave detector data
Continuous time series (1Hz, 128Hz … 16kHz)

Gravitational Wave channel: 
~20GB/day (per instrument)

Physical Environment 
Monitors (seismometers, 
accelerometers, 
magnetometers, microphones 
etc)

Internal Engineering Monitors
(sensing, housekeeping, 
status etc)

Together with various 
intermediate data products 
>2TB/day (per instrument)

Initial and Enhanced LIGO 
archive (2002-2010) 
exceeds 1PB of data

15
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2. Operations on time series

P. Saulson S. Chatterji (PhD 2005)
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Time series x(t), x(n)

(t) (in arb. Units)

V(t) (in arb. units)

Process of sampling – Nyquist-Shannon theorem: a signal has to be 
sampled at least with twice the frequency of the original signal

Random, deterministic or a combination of the two

Time domain analysis:  little information in the frequency content; count 
particles, integrate charge etc.

threshold

threshold



Time-frequency analysis
Vast frequency range of phenomena being 
recorded: from few Hz to kHz
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Different astrophysical 
mechanisms/sources

Different detector 
noise/background

Need time-frequency localization of “events”

Need frequency representation of time-series



Time-frequency localization

f(t)

t
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The Fourier pair
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The Fourier transform of x(t) is defined as:

This provides a measure of the degree of 
variation of the x(t) like a sinusoid of frequency f. 

The inverse Fourier transform is then:
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From P. Saulson’s Fundamentals of Interferometric Gravitational Wave Detectors

The crosscorrelation
For two (real-valued) time series, x1(t) and x2(t), we 
define their cross-correlation as:

( ) ( ) ( )dttxtxxx ττ +≡⊗ ∫
∞

∞− 2121

This is a measure of the 
relatedness (shape) of 
the two time series as 
you shift by time τ  one 
with respect to the 
other.
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The autocorrelation and power spectrum

This gives a measure of the time scale over which the 
time series varies/repeats.

The Fourier transform of the autocorrelation function 
defines the power spectrum:

( ) ττ
π

τπ dexxfS fi
x ∫

∞

∞−

−⊗≡ 2)(
2
1

When x1(t)=x2(t)=x(t), the crosscorrelation reduces to 
the autocorrelation:

( ) ( ) ( )dttxtxxx ττ +≡⊗ ∫
∞

∞−

This is a representation of which frequencies in a 
random signal contribute to the power:

( ) ( ) ( )dttxtxxx ττ +≡⊗ ∫
∞

∞−
= = P

τ =0
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Spectra in Gravitational-wave Analysis
The power spectrum Sx(f) is real and even function 
of the frequency f; it is made up of exponentials of 
both positive and negative frequencies 
“double-sided” power spectrum

Better think of positive frequencies only  “single-
sided” power spectrum. Redefine Sx(f) …

Ssinglex(f) 2Sdoublex(f),  if  
0,  otherwise

Amplitude spectral density (spectral amplitude):

Ssinglex(f)
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The periodogram
Consider a time series       of length T that has Fourier transform          .
The periodogram of        is defined as |        |2/T

Exercise: show that in the limit of T going to infinity, the expectation value 
of the periodogram of x(t) is equal to the power spectrum Sx(f).
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Signal description and parametrization
Characteristic amplitude, ||h||:

Matched filter signal to noise ratio, ρ0:

Normalized waveform, ψ
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Signal description and parametrization

Time, frequency, duration, and bandwidth:

Time-frequency uncertainty:

Quality factor (aspect ratio):



Multiresolution techniques

27
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The Q transform
Project whitened data onto multiresolution basis of minimum 
uncertainty waveforms 

From S. Chatterji, MIT thesis 2005



What does it mean looking for 
gravitational waves with gravitational-
wave detectors?

Looking for a needle in a haystack!

Noise is everywhere!

29



Noise is everywhere: 19s from Athens traffic

Sound in Microphone Electrical signal out

Time-series

30



Noise is everywhere: 19s from Athens traffic

Sound in Microphone Electrical signal out

Noise processes leave 
distinct signatures in 
the time-frequency 
decomposition of the 
time-series

31



A signal buried into noise

The classical problem of detecting (weak) signals in the 
presence of noise.

Infer who is playing, what is playing, on what instrument 
and how far away!

Leonidas Kavakos - Paganini - Caprice No. 24 - YouTube

32

https://www.youtube.com/watch?v=v279AZE05mg





Noise in Gravitational Wave Detectors

10-24

10-23

10-22

10-21

10Hz 100Hz 1kHz 10kHz

Strain
1/√Hz LLh /∆=

Strain Noise

test 
mass 
(mirror)

photodiode (after calibration) 33



Better 
seismic 
isolation

Higher
power
laser

Better test 
masses

and suspension

From Initial to Advanced LIGO
General philosophy: Keep the same facilities, but redesign all subsystems
Improve sensitivity over the whole frequency range

34
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3. Searches for gravitational wave from 
compact binaries
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Building blocks of a gravitational-wave search
Pick a target source and a search method
Instrument calibration

Performed by instrument experts- known promptly at the 10% level, better in ~few months
Response tracking: continuous fixed sinusoidals

Data quality and vetoes
Instruments need to be well behaved before analyzing any data
Perform checks using the full aux channels for evidence of non-astrophysical transients

Background estimation
Time-shift data between pair of detectors
Perform analysis as if data are real  measure background
Establish data analysis cuts

Signal injection/Monte Carlo
Add gravitational wave-like signals in software
Perform analysis as if data are real  measure sensitivity of instruments and searches
Establish data analysis cuts

Analyze data
Using selection cuts established, apply search to data
Identify and verify significant events

Establish detections and if none, upper limits
Using parameter estimation techniques, extract source parameters, do astrophysics



37https://www.black-holes.org/explore/movies






Detecting Compact Binaries
Knowledge of waveform matched filter searches 

(i.e., project data stream onto known waveforms)

dfe
fS

fhfstz tfi

n

π2

0

*

)(
)(~)(~

4)( ∫
∞

=

Noise power spectral density

Whitened
Template

Whitened 
Data

Animation by Reed Essick

�̃�𝑠(𝑓𝑓)
𝑆𝑆(𝑓𝑓)

�ℎ∗(𝑓𝑓)
𝑆𝑆(𝑓𝑓)

Filter output 
time-series

ρ(t) above some threshold 
 identify as a trigger

Immediately known: 
template and coalescence 
time

38






Template placing

From B. Owen, Phys.Rev.D53:6749-6761,1996

Family of discrete 
templates on the 
parameters manifold 
(e.g., m1, m2, s1, s2)

True source 
parameters

Nearest template

Mismatch will 
lead to SNR 
loss  event 
rate loss

Roughly 1M 
templates are 
invoked

LIGO and Virgo Collaborations, Phys. Rev. X 6, 041015 (2016)

Need O(1M) templates to cover the target 
parameter space for compact binaries

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.53.6749


Searching for unmodeled transients
Need to make minimal assumptions about the 

candidate signal

Time-frequency decomposition of data
Project data stream on a Fourier or wavelet basis, or any 

basis on the assumption that such basis covers the 
targeted signal space

Normalize to noise, threshold on power and form 
clusters 

Require coincidence (time, frequency)

frequency

time

40



Multi-detector coherent analyses

Animation by Reed Essick

Use maximum-likelihood approaches to 
calculate a coherent signal-to-noise ratio

Use Bayesian analyses to calculate Bayes 
factors (GW signal vs Gaussian noise vs 
noise transient)

Multiple detectors record signals 
consistent with the direction from which 
the gravitational wave originated

They allow the localization of source in the 
sky via timing, amplitude and phase 
information.

41






GW150914: A binary black hole merger

Time series 
from detectors 
bandpassed
35-350Hz

Best fit 
waveforms/NR

LIGO and Virgo Collaborations Phys. Rev. Lett. 116, 061102 –11 February 2016

Time series 
minus best fit

Spectrogram

42



LIGO and Virgo Collaborations Phys. Rev. Lett. 116, 061102 (2016)

Detection significance

Matched-filter searches targeting binary coalescences as well as searches for unmodelled
transients analyzed data in real time and offline

Used time-shifted data to assess background

Multiple detection statistics depending on the search method were used to quantify the event 
significance (SNR weighted by its consistency as it accumulates across frequencies, or 
likelihood ratio statistics Λ for the signal vs noise hypothesis.)

Unmodelled transient search

LIGO and Virgo Collaborations Phys. Rev. D 93, 122004 (2016)



Detection Confidence
Each LIGO detector 
records over 200,000 
auxiliary channels 
that monitor 
instrument 
(interferometric) 
behavior and 
environmental 
conditions.

Enables the study of 
correlations 
(couplings) of the 
gravitational wave 
channel with the 
environment 
(including global 
events, e.g. 
lightnings).

LIGO and Virgo Collaborations, CQG 33, 134001 (2016) 
44



Detector Gaussianity
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[2111.03606v2] GWTC-3: Compact Binary 
Coalescences Observed by LIGO and Virgo During the 
Second Part of the Third Observing Run (arxiv.org)

Q-transform tile energy distribution

Image credit: Sidd Soni

Non-Gaussian tails

https://arxiv.org/abs/2111.03606v2


Detector stationarity
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[2101.11673] LIGO Detector 
Characterization in the Second and 
Third Observing Runs (arxiv.org)

BNS inspiral range: distance at which a gravitational-
wave signal from the merger of two 1.4M neutron stars 
would be detected above a signal-to-noise ratio (SNR) 
of 8, averaged over all possible sky locations and 
inclinations.

https://arxiv.org/abs/2101.11673


Gravitational Wave vs the World
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LIGO detector characterization in the second 
and third observing runs - IOPscience

Non-astrophysical transients may impact sensitivity and 
at times mimic gravitational-wave signals, especially 
those of high mass binaries

https://iopscience.iop.org/article/10.1088/1361-6382/abfd85


Transient noise identification

48

LIGO detector characterization in the second 
and third observing runs - IOPscience

Non-gaussian glitches are often witnessed by auxiliary channels (that are not sensitive to 
GWs)  build algorithms to identify and excise these times/data

https://iopscience.iop.org/article/10.1088/1361-6382/abfd85


The real-time astronomy challenge 
Non-gaussian glitches can hinder detection, localization and source 
parameter estimation  critical for real-time multi-messenger astronomy

Phys. Rev. Lett. 119, 161101 (2017) - GW170817: 
Observation of Gravitational Waves from a Binary 
Neutron Star Inspiral (aps.org) 49

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101


Signal-to-noise (SNR) when best template matches at coalescence time 

The second detection: GW151226

A Binary Black Hole system with 14+8 solar masses.

Time (s) Time (s)

Time (s) Time (s)

LIGO and Virgo Collaborations, Phys. Rev. Lett. 116, 241103 (2016) (June 15, 2016)

50



Detections         astrophysics

Detector output Our goal Our goalAntenna factor Antenna factornoise

𝑠𝑠𝑖𝑖 𝑡𝑡 = 𝑛𝑛𝑖𝑖 𝑡𝑡 + 𝐹𝐹+,𝑖𝑖ℎ+ 𝑡𝑡;𝑀𝑀 + 𝐹𝐹×,𝑖𝑖ℎ× 𝑡𝑡;𝑀𝑀

51



Antenna pattern for an interferometer

Sensitivity depends on polarization of waves
“×” polarization “+” polarization RMS sensitivity

• Not very directional!
• Cannot locate direction of the source with a single detector
• Can scan large portions of the sky simultaneously

52



Binary merger model parameters
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Intrinsic parameters:
masses (𝑚𝑚1,𝑚𝑚2) ,
spins (𝑆𝑆1, 𝑆𝑆2) , 
tidal deformability (�Λ),
eccentricity

Extrinsic parameters: 
time (𝑡𝑡𝑐𝑐), reference phase (𝜑𝜑𝑐𝑐),
sky position (𝛼𝛼, 𝛿𝛿), distance (𝑑𝑑𝐿𝐿), 
orbital orientation (𝜃𝜃𝐽𝐽𝐽𝐽,𝜓𝜓), 

𝑠𝑠𝑖𝑖 𝑡𝑡 = 𝑛𝑛𝑖𝑖 𝑡𝑡 + 𝐹𝐹+,𝑖𝑖ℎ+ 𝑡𝑡 + 𝐹𝐹×,𝑖𝑖ℎ× 𝑡𝑡



Parameter Estimation

54

Posterior distribution 

LikelihoodUnknown 
source 
parameters

Observations 
(data) Prior

Marginal Likelihood/Evidence

Assume data d are stationary+Gaussian with some signal h(θ) based on our signal 
model.

Construct residuals, d-h(θ), ask how consistent are these with noise n

Bayes’ Theorem

Stochastic samplers
MCMC, nested sampling, emcee, dynesty, bilby-mcmc, multinest



Posterior distribution samples
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Compact binary coalescence parameter estimation —
bilby 1.1 documentation (ligo.org)

https://lscsoft.docs.ligo.org/bilby/compact-binary-coalescence-parameter-estimation.html


Ormiston et al, Phys. Rev. Research 2, 033066 – Published 14 July 2020

56

Posterior distribution samples

https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.2.033066


GW150914 source parameters

Masses (phase evolution): 36 −4
+5 𝑀𝑀⨀ and 29 −4

+4 𝑀𝑀⨀

Spins (phase evolution and amplitude modulation from aligned/non-aligned components): no 
evidence for initial spin

Luminosity distance and orientation (amplitude of signal): 410 −180
+160 Mpc (𝑧𝑧 ≈ 0.09)

Final black hole mass/spin (inferred; also from ringdown frequency and Q): 62 ± 4 𝑀𝑀⨀ 0.67 −0.07
+0.05

Energy radiated:  3.0 ± 0.5 𝑀𝑀⨀𝑐𝑐2

LIGO and Virgo Collaborations, PRL 116, 241102

57
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Localization
Localization is achieved mainly 
via timing (triangulation), plus 
amplitude and phase information.

For GW150914, the time-of-flight 
between L1 and H1 was 7 msec.

With only two detectors, 
localization is poor: 
140 deg2 at 50% prob, 
590 deg2 at 90% prob.

Even though this is no ordinary 
matter necessarily involved (BBH, 
pure gravitational fields), we 
alerted partner astronomers, and 
~20 different instruments imaged 
this region of the sky!

Image credit: Reed Essick



A Three-Detector Observation of Gravitational Waves from a Binary Black Hole Coalescence
Phys. Rev. Lett., 119:141101, 2017

Three detectors: GW170814



posterior probability distribution 
for the luminosity distance, 
marginalized over the whole 
sky. 

GW170814 Sky Localization

after noise 
removal and 
final calibration

LIGO and Virgo Collaborations
Phys. Rev. Lett., 119:141101, 2017



Credit: LSC, Virgo, D. Brown, G. Lovelace, J. McIver, D. Macleod, A. Nitz

GW170817: The first Binary Neutron Star Merger



GW170817 and GRB170807A: MMA event

Image credit: NASA GSFC & Caltech/MIT/LIGO Lab
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Sky localization

Credit: LIGO-Virgo 63






The Follow-up Arsenal



Electromagnetic Follow-up

EM Partners with 
LIGO-Virgo, 
Astrophys. J. Lett.
848, L12 (2017)

GW170817+GRB170817A+
SSS17a (aka AT2017gfo)

65



Villar et al. 2017, ApJL 851, L21

A fast fading transient, initially with a blue 
excess  low opacity, ejecta rich in light 
r-process elements

Extremely fast color evolution to red, 
long-lived transient  heavy r-process 
ejecta with extremely high optical opacity

Light Curves and Spectra
Shapee et al, Science 16 Oct 2017:

66

https://arxiv.org/pdf/1710.05432.pdf


Metzger and Berger ApJ 746 1 (2012)

Kilonovae and r-process 
nucleosynthesis

Metzger, B. D., et al. 2010, MNRAS, 406, 2650





GW170817 
Chirp mass:

Assuming low spins, 
component masses are in 
the range 1.17 to 1.60 M☉, 
typical of pulsars in binaries

Merger Rate:

LIGO and Virgo Collaborations,
PRL 119, 161101 (2017) 69



Hubble Constant measurement

Abbott et al, Nature 551, 85 (2017)

Gravitational wave amplitude  distance
Electromagnetic observations  redshift

Schutz, B.F. , Nature 323, 310 (1986) 70



Fundamental physics

LIGO and Virgo Collaborations Astroph J Lett, 848:L13 (2017)

Unambiguous 
association:
prob ~ 5x10-8

A progenitor of sGRBs
is binary neutron star 
mergers

Speed of gravity:

71



Neutron Star Equation of State

Some of the stiffest EOS 
models are ruled out

Tidal interactions accelerates the inspiral NS NS

NS NS

Stiff EOS

Soft EOS~ induced quadrupole deformation
external tidal field

Phys. Rev. Lett. 119, 161101 (2017) - GW170817: 
Observation of Gravitational Waves from a Binary 
Neutron Star Inspiral (aps.org)

72

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.161101


GW190412: a 30+8M Binary Black Hole

Phys. Rev. D 102, 043015 (2020) - GW190412: 
Observation of a binary-black-hole coalescence with 
asymmetric masses (aps.org)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.043015


GW190425: a second BNS collision

GW190425: Observation of a Compact Binary Coalescence with 
Total Mass ∼ 3.4 M⊙ - IOPscience

L1-only event with S/N of 13 
 poor sky localization
Total mass larger than any of 
the known Galactic systems

https://iopscience.iop.org/article/10.3847/2041-8213/ab75f5


GW190521: a BBH with total mass of 150M

Phys. Rev. Lett. 125, 101102 (2020) - GW190521: A 
Binary Black Hole Merger with a Total Mass of 
$150\text{ }\text{ }{M}_{\ensuremath{\bigodot}}$ 
(aps.org)

Short-duration, S/N of ~15, low 
frequency  massive system

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


GW190521: a BBH with total mass of 150M

Properties and Astrophysical Implications of the 150 M⊙ Binary Black Hole Merger GW190521 - IOPscience
Phys. Rev. Lett. 125, 101102 (2020) - GW190521: A Binary Black Hole Merger with a Total Mass of $150\text{ }\text{ 
}{M}_{\ensuremath{\bigodot}}$ (aps.org)

High mass gap

Hi
gh

 m
as

s g
ap

Remnant BH is first known 
of intermediate mass 
(>100         )

Evidence for precessing orbital plane

https://iopscience.iop.org/article/10.3847/2041-8213/aba493
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.101102


GW190814: a BH+?? merger

GW190814: Gravitational Waves from the Coalescence of a 23 Solar 
Mass Black Hole with a 2.6 Solar Mass Compact Object -
IOPscience

It is either the lightest BH or the heaviest NS ever 
observed in a double compact-object system

https://iopscience.iop.org/article/10.3847/2041-8213/ab960f


GW200105,GW200115: NS+BH 
mergers

Observation of Gravitational Waves from Two Neutron Star–Black Hole Coalescences - IOPscience

https://iopscience.iop.org/article/10.3847/2041-8213/ac082e


Properties

GW200105: small primary spin magnitude
GW200115: primary spin likely anti-aligned

Observation of Gravitational Waves from Two Neutron 
Star–Black Hole Coalescences - IOPscience

https://iopscience.iop.org/article/10.3847/2041-8213/ac082e


Detections in O1-O2-O3

Detections scale by the sensitive time-volume, which in turn scales as the 
cube of the instruments range



Source rates



First transient event catalog: GWTC-1

82

GWTC-1: 11 events from O1 and O2



Second transient event catalog: 
GWTC-2/GWTC-2.1

83

GWTC-1: 11 events from O1 and O2
GWTC-2: 55 events from O1, O2 and O3a (catalogs are cumulative)
GWTC-2.1: 1041 events from O1, O2 and O3a (catalogs are cumulative)



Third transient event catalog: GWTC-3

84

GWTC-1: 11 events from O1 and O2
GWTC-2: 55 events from O1, O2 and O3a (catalogs are cumulative)
GWTC-2.1: 1041 “subthreshold” events from O1, O2 and O3a 
GWTC-3: 90 events from O1, O2 and O3 (catalogs are cumulative)



Source properties

[2111.03606] GWTC-3: Compact Binary Coalescences 
Observed by LIGO and Virgo During the Second Part of 
the Third Observing Run (arxiv.org)

https://arxiv.org/abs/2111.03606


BBH chirp mass

There is substructure in the BBH mass distribution: 
the observed masses of BBH binaries are clumped

[2111.03634] The population of merging compact 
binaries inferred using gravitational waves through 
GWTC-3 (arxiv.org)

https://arxiv.org/abs/2111.03634


BBH properties

BBH spins have small 
with some evidence of 
negative aligned spin. 
Also some evidence of 
spins misalignment with 
the orbital angular 
momentum.

BBH primary mass 
evolution with redshift 
mostly a detector 
selection effect (higher 
sensitivity to such 
systems)

Lower mass gap? 
There is a relative 
dearth of binaries with 
component masses 
between 3M and 
5M

[2111.03634] The population of merging compact 
binaries inferred using gravitational waves through 
GWTC-3 (arxiv.org)

https://arxiv.org/abs/2111.03634


Is there a lower mass gap?

Three independent 
models (Power Law+ 
Dip+Break, Multi-
Source, Binned 
Gaussian Process)
mostly in agreement

Lower boundary of the 
mass gap at about 
2.1M

Subsequent rise less 
clearly discernible 
unable to resolve 
absence/existence of  
gap-like feature

[2111.03634] The population of merging compact 
binaries inferred using gravitational waves through 
GWTC-3 (arxiv.org)

https://arxiv.org/abs/2111.03634


BH mass distribution

[2111.03634] The population of merging compact 
binaries inferred using gravitational waves through 
GWTC-3 (arxiv.org)

Results consistent between 
GWTC-2 and GWTC-3

Binary’s massive component 
decreases as a function of 
primary mass

Over-densities at 10M and 
35M

Power-law slope of ~3.5 plus a 
Gaussian peak at ~35M

No evidence for suppressed 
merger rate above 60M

https://arxiv.org/abs/2111.03634


Evolution with redshift

Rate of BBH mergers 
increases with redshift 
at a rate proportional 
to (1 + z)κ

Consistent with 
evolution tracing star 
formation

[2111.03634] The population of merging compact 
binaries inferred using gravitational waves through 
GWTC-3 (arxiv.org)

https://arxiv.org/abs/2111.03634


Rates (90% CI)

RBNS =  10     - 1700 Gpc-3 yr-1

RNSBH =     7.8 - 140 Gpc-3 yr-1

RBBH =  17.9 - 44 Gpc-3 yr-1 (@z=0.2)



Reach for Compact Binaries
with Initial Detectors

Horizon distance = distance at 
which an optimally located 
and oriented  binary will 
result to an SNR of 8

LSC&Virgo PRD 85 (2012) 082002 , LSC&Virgo CQG  27 (2010)  173001

Upper limits (grey/black) on 
rates and astrophysical
predictions (blue) – current 
searches to O(10) of most 
optimistic estimates

RBNS =  10     -
1700 Gpc-3 yr-1

RNSBH =     7.8 -
140 Gpc-3 yr-1 RBBH =  17.9 

44 Gpc-3 yr-1 
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How do massive binary black 
hole systems form and 
evolve?

Common envelope evolution 
of isolated binaries: two 
massive stars survive 
successive CCSNe

Dynamical capture of isolated 
black holes in N-body 
exchange interactions 
hard to explain the rate peak 
at ~10M 93

What can we learn from these?
APOD: 2009 February 5 - NGC 604: X-rays 
from a Giant Stellar Nursery (nasa.gov)

Globu;ar c;ister 47Tucanae (wikipedia)

https://apod.nasa.gov/apod/ap090205.html


Tests of General Relativity
LIGO and Virgo Collaborations., PRX 6, 041015LIGO and Virgo Collaborations, PRL 116, 221101

Limits on the graviton mass 𝑚𝑚𝑔𝑔 < 1.2 × 10−22 eV/𝑐𝑐2 (otherwise dispersion 
would distort the signal waveform)

Stringent limits on deviations from GR in the post-Newtonian parameters 
of the signal waveform 
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4. Searches for unmodeled transients
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Burst sources
Search signals with no assumption on their morphology/origin other than 

some basic features
Look for “short” [ms, few s] and “long” [few s, 500s] duration signals over 

entire useful bandwidth of the instruments [~4kHz]
Plausible sources include CBC systems that may not match well predicted 

waveforms used in matches filtering
Also, core-collapse supernovae (CCSNe), neutron star glitches, cosmic string 

cusps and kinks, GRBs, FRB, magnetars, and the … unknown!
Worst enemies: non-stationarity/non-Gaussianity of detector noise, 

environmental couplings



An all-sky search for bursts
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Phys. Rev. D 104, 122004 (2021) - All-sky search for 
short gravitational-wave bursts in the third Advanced 
LIGO and Advanced Virgo run (aps.org)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122004


No detections  Upper Limits 
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Upper limits at 90% CL on the rate of 
eccentric compact binary coalescences as a 
function of the distance Phys. Rev. D 104, 102001 (2021) - All-sky search for 

long-duration gravitational-wave bursts in the third 
Advanced LIGO and Advanced Virgo run (aps.org)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.102001
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Energy equivalence:
order of magnitude analysis

Instantaneous energy flux:

integrate over signal duration and over a sphere at radius 
r assuming a sine-gaussian signal of frequency f0:

Phys. Rev. D 104, 122004 (2021) - All-sky search for 
short gravitational-wave bursts in the third Advanced 
LIGO and Advanced Virgo run (aps.org)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122004


No detectionsUpper Limits 
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Energy reservoir in GWs that 
can be probed for a source at 
10kpc with 50% efficiency and 
a false-alarm-rate of 1/100yr

Distances for 50% and 
10% detection efficiencies 
for 5 CCSN waveforms

Phys. Rev. D 104, 122004 (2021) - All-sky search for 
short gravitational-wave bursts in the third Advanced 
LIGO and Advanced Virgo run (aps.org)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.122004


Beyond un-triggered, all-sky transient 
searches

Energetic astrophysical events giving rise to transients in the 
electromagnetic and neutrinos may also be accompanied by GW bursts

Core collapse supernovae, Gamma Ray Bursts, Soft Gamma Repeaters, Anomalous X-
ray Pulsars, Radio bursts, Pulsar timing glitches, Optical transients …

The transient sky may guide GW searches  triggered GW searches
Known type event may suggest specific GW search 
Known time and direction can offer better background rejection and improved search 

sensitivity (factor of ~2) with respect to an un-triggered, all-sky search
Opportunity to interpret detected (or not) events jointly
Escalate importance of already-observed EM events   Observe further

General search approach: source-hypothesis driven “on-source” windows 
with “off-source” ones used to assess the significance

Use of timing and directional information in the GW analysis 

Example: GRB-
triggered GW burst 
search
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Searches for SNe

102

Koshiba, M. et al. 1988

~1053 erg reservoir

Image Credit:ESO

~1% in EM radiation ~99% in neutrinos Gravitational Waves

A direct probe of the supernova central engine and its dynamics

???
Core collapse & bounce
Rotational Instabilities
Convection
Proto-neutron star modes
Standing Accretion Shock Instability
…



Targetted searches for optical SNe
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Dimmelmeier et al, Phys.Rev.D78:064056,2008

CCSNe in the local universe (~15Mpc for the 
initial detectors, ~25Mpc for O1/O2)

Use EM observations to identify times (on-
source windows) and sky location for where 
to search in GW data

Improve reach w/r/t an all-sky search by 40%

Phys. Rev. D 101, 084002 (2020) - Optically targeted search for gravitational waves emitted by core-collapse 
supernovae during the first and second observing runs of advanced LIGO and advanced Virgo

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.084002


Progress in CCSN numerical relativity 
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Develop 
phenomenological 
models to guide 
searches

Customized time-
frequency tracks to 
follow evolution

Optimize GW searches 
beyond compact time-
frequency clusters

Kuroda et al ApJL 2016 (arXiv:1605.09215)

https://arxiv.org/abs/1605.09215
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5. Searches for continuous (periodic) waves



Continuous (periodic) waves sources
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Nearly monochromatic continuous gravitational wave emission is possible from 
non-axisymmetric spinning objects

equatorial ellipticity (e.g., due to tiny “mountains”):                   

Gravitational waves emitted at twice the rotational frequency

Accreting in neutron stars leads to deformation
and gravitational-wave emission at twice the
rotational frequency (may be wandering)

Dana Berry/NASA



Continuous (periodic) waves sources
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From C. Hanna and B. 
Owen’s web page at PSU

Free precession r-modes: fluid motion 
in the crust/core

Gravitational waves emitted at x1, x2 and x4/3 the rotational frequency

r-mode amplitude



Searches
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Targeted searches
Known pulsars (radio & x-ray) (e.g., Crab pulsar)
Sky position, frequency and its evolution are known 
(including derivatives, timing noise, glitches, orbit) 

Narrow band searches
Sky position is known but need to search over some 
narrow band frequency/ derivative and orbit 

Directed searches
Targeted sky position: galactic center, globular clusters, 
isolated non-pulsing neutron stars (e.g., Cas A)

Unknown frequency & derivatives– need to search over 
them

Unknown neutron stars
Nothing known, search over sky position, frequency & its 
derivatives

C
om

pu
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t

Discovery of Spatial and Spectral Structure in the 
X-Ray Emission from the Crab Nebula - IOPscience

https://iopscience.iop.org/article/10.1086/312733
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Data analysis challenges
Signal frequency modulated by (Doppler shifts) motion of 
detector 

Earth’s rotation (v/c ~ 10-6)
Earth’s orbital motion (v/c ~ 10-4)

Signal amplitude modulated by antenna pattern
Spin-down of source (fdot)
Orbital motion of sources in binary systems
Signal modulations can complicate analysis significantly

They are a blessing too as they allow strong discrimination of signal from 
background, as well as sky localization

Pulsar timing glitches may also occur
Vanilla Fourier transform is insufficient  need to demodulate 
for every sky direction

Different approaches are used depending on the type of search
All-sky searches at full sensitivity is a Herculian task!

cf
f nv ⋅

=
∆
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Targeted search results
236 known pulsars

Spin-down limit:

Pulsar’s spin-down is 
due to GW emission

Sets maximum allowed  
ellipticity and GW 
amplitude

For 23 pulsars we have 
surpassed such limit

[2111.13106] Searches for Gravitational Waves from Known Pulsars at Two 
Harmonics in the Second and Third LIGO-Virgo Observing Runs (arxiv.org)

https://arxiv.org/abs/2111.13106
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Targeted search results

[2111.13106] Searches for Gravitational Waves from Known Pulsars at Two 
Harmonics in the Second and Third LIGO-Virgo Observing Runs (arxiv.org)

https://arxiv.org/abs/2111.13106
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All-sky search results

95% confidence upper limits on GW amplitude h0 Detectable ellipticity given limits on ho

[2201.00697] All-sky search for continuous gravitational waves from isolated 
neutron stars using Advanced LIGO and Advanced Virgo O3 data (arxiv.org)

https://arxiv.org/abs/2201.00697
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6. Searches for a stochastic background



Stochastic backgrounds
Incoherent superposition of 
many sources that can not be 
resolved

Astrophysical: compact 
binaries, core collapse 
supernovae, pulsars

Cosmological: inflation, phase 
transitions, cosmic strings

Described by its energy 
density:
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LIGO/Caltech/MIT/Sonoma State (Aurore Simonnet)

Phase transitions in the early universe and their 
signals (phys.org)

Centre for Theoretical Cosmology: The Origins of the 
Universe: High-resolution cosmic string simulations 
(cam.ac.uk)

https://phys.org/news/2022-04-phase-transitions-early-universe.html
https://www.ctc.cam.ac.uk/outreach/origins/cosmic_structures_four.php


Stochastic backgrounds
Often convenient to describe it in terms of the 
energy density frequency spectrum:

This reduces to a power law

spectral index α can be 0 for cosmological 
background, =2/3 for compact binary inspirals
and =3 for some astrophysical source such as 
CCSN
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Searches
Look for correlated “noise” across detectors: form 
cross-correlations in all pairs of detectors

Overlap reduction function γ: 
the farther apart two detectors 
are the lower the frequencies  
that can be searched.

Searching for a Stochastic Background of Gravitational Waves with the Laser 
Interferometer Gravitational-Wave Observatory - IOPscience

https://iopscience.iop.org/article/10.1086/511329


Results

GW data consistent with uncorrelated, 
Gaussian noise

Combined cross-correlation 
spectra  from all three 
detector baselines (H,L,V) 
in O3, as well as the HL 
baseline in O1 and O2

Point estimates and 1σ 
uncertainty: 

[2101.12130] Upper Limits on the Isotropic Gravitational-
Wave Background from Advanced LIGO's and Advanced 
Virgo's Third Observing Run (arxiv.org)

https://arxiv.org/abs/2101.12130


Upper limits

[2101.12130] Upper Limits on the Isotropic Gravitational-Wave 
Background from Advanced LIGO's and Advanced Virgo's Third 
Observing Run (arxiv.org)

https://arxiv.org/abs/2101.12130


Non-GR polarizations
Scalar and vector 
polarizations are not allowed 
in GR

They will leave an imprint due 
to different overlap reduction 
functions

No evidence for such non-GR 
polarizations  upper limits

Phys. Rev. D 104, 022004 (2021) - Upper limits on the 
isotropic gravitational-wave background from Advanced 
LIGO and Advanced Virgo's third observing run (aps.org)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022004


Background from binary mergers

[2111.03634] The population of merging compact 
binaries inferred using gravitational waves through 
GWTC-3 (arxiv.org)

GW background from superposition BNS/NSBH/BBH

Signal may be accessible with “A+” LIGO and beyond

https://arxiv.org/abs/2111.03634


7. Epilogue
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LIGO, Virgo, KAGRA have opened a new window onto the universe. Three 
successful observing runs brought breakthrough discoveries:

O1 observing run: September 2015 – January  2016 127 – First detection of gravitational waves from a BBH 
merger: GW150914 

O2 observing run: November 2016 – August 2017 – First detection of gravitational waves from a BNS merger: 
GW170817

O3 observing run: April 2019 – March  2020 – First detection of gravitational waves from the formation of an 
intermediate-mass black hole, binaries with asymmetric masses and probably in the lower and higher map 
gaps for compact objects and first detection of NSBH mergers

Strong ties with EM and neutrino astronomy: kilonova explanation of heavy 
element production in the universe

Fundamental Physics:  Direct evidence for time-dependent metric, test of 
strong field gravity, Wave kinematics – gravitational wave speed (mass) and 
polarization (spin), Tests for alternative relativistic gravitational theories

Astronomy/Astrophysics: Compact binary coalescences – neutron star/black 
hole populations, formation and evolution, neutron star equation of state

Gravitational wave survey of the universe has begun  Complimentary to E/M 
observations

Many thanks to the ITE/FORTH and the Onassis Foundation for the 
superb organization of this summer school!
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Extras
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GW150914 source parameters
The component BH spins 

measurably modulate the 
inspiral frequency evolution.

Spin-orbit couplings cause the 
orbital plane to precess, 
producing amplitude modulation 
at the detectors.

Parameterize with aligned spin
χeff and “precessing” spin χP

GW150914

GW151226
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Multi-messenger searches for SNe

126

Gravitational waves, like neutrinos, are the 
only direct probes of the supernova 
engine. They carry complementary 
information.

Neutrino observations will be crucial for 
galactic CCSNe: they will tell us when and 
where to look.

Gravitational waves may present ability to 
detect sources beyond our galaxy, if 
extreme emission models occur in Nature.

EM observations will provide
late-time probes of the engine including 
overall properties of the explosion and the 
progenitor.

Improve detection efficiency; present 
opportunities to perform source parameter 
estimation combining data from all 
messengers, including correlation 
analysis.

Nakamura et al MNRAS, 461, 3296 (2016) 



The EM follow-up program challenge
Fast:
need to identify GW transients as 
quickly as possible in order to have a 
chance to catch the earliest light

Fuzzy:
gravitational-wave detectors are 
more like radio receivers than 
telescopes

Faint:
for EM counterparts at the nominal BNS 
merger range of 200Mpc and BBH 
ranges out to Gpc

LIGO-Virgo Collaborations, Phys. Rev. Lett. 119, 161101 (2017) Metzger and Berger, Astrophys. J. 746, 1 (2012)
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