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Introduction

First observed binary black hole (BBH) merger ….

Since then, 3 other stellar mass 
BBH mergers have been observed in LIGO data

David Reitze – LIGO director Washington DC, 11 Feb 2016
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Outline

●  One century of developments.

●  Sources of gravitational waves.

●  The beginnings of a long adventure.

● Current searches : the gory details.

● The first BBH discovery. 

● The birth of a new astronomy.

● The other experiments.

●  The bright future.
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General relativity - 1915

1915 : Einstein’s theory of general relativity

1916 : Einstein paper on linear 
approximation to general relativity with 
multiple applications, including 
gravitational waves.

« Approximative integration of the 
field equations of gravitation »

[http://einsteinpapers.press.princeton.edu/vol6-doc/]
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Gravitational waves - 1916

« … in all conceivable cases, A must have a 
practically vanishing value. »

[http://einsteinpapers.press.princeton.edu/vol6-doc/]

Gravitational waves are predicted by Einstein, but he recognizes that they are too small.
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Gravitational waves - 1918

«On gravitational waves»

[http://einsteinpapers.press.princeton.edu/vol7-doc/]

Where Einstein works out the remaining details on GWs : emission (quadrupole), 
polarizations, they carry energy, … 
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While we are at it ... black holes - 1916

«On the gravitational field of a mass point according to Einstein's theory»

[http://adsabs.harvard.edu/abs/1916AbhKP1916..189S]

The concept of a “Black Hole” was not recognized by Schwarschild. It came later :
A. Eddington 1924, G. Lemaître 1933, R. Oppenheimer 1939, D. Finkelstein 1958.
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Are gravitational waves real ?

● Continued debate on whether GWs really exist, including Einstein/Rosen doubts 
(1936-37). Role of H. Robertson. 

● Key moment: GR1 conference in 1957 at Chapel Hill (NC).

● 1956 : seminal paper by Felix Pirani (Herman Bondi’s group)
[Acta Phys.Polon. 15 (1956) 389-405, Gen.Rel.Grav. 41 (2009) 1215-1232]
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Pirani, Bondi and …. Feynman

● Pirani 56’ paper & presentation at GR1 (57’) : relative acceleration of particle pairs  can be 
associated with the Riemann tensor. Link between the geometrical and physical properties of 
GR.

● Pair of nearby free-falling particles A and B travelling on geodesics : 

● The interpretation of the attendees was that non-zero components of the Riemann tensor were 
due to gravitational waves.

● At the end of the conference, Feynman came 
with a « by hand » explanation : the « sticky 
bead » argument.

GR1 proceedings
[http://www.edition-open-sources.org/sources/5/toc.html]
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Interpretation of GWs

● Two particules A and B, initially at rest. No GWs.

● Local Lorentz frame attached to particule A with spatial origin xj=0 and x0=t, 
particule B at xj=Lx          ( A==beam splitter, B == end mirror)

●

Where        is the metric perturbation 
tensor in the detector frame.

At first order in 
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Weak fields and gravitational radiation

Hypothesis : weak gravitational fields in flat space time (away from the source), but free moving 
particles and time varying gravitational fields.

Introducing

Notation :



12

Propagation of GWs in vaccum

GR Lorentz invariance → gauge can be fixed. In weak fields theory that means : 

Solution in vacuum : 

Plane wave solution :

General solution : 

Find the only 2 independent components respecting :                               (transverse)

      (traceless)

                                                         Transverse & traceless (TT) gauge

Transverse means the waves is orthogonal to the wave propagation direction (like in EM).

Traceless means that waves have equal and opposite effects in 2 perpendicular directions.

is the wave vector
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Propagation of GWs in vaccum

Only 2 independent components

Asuming the wave travels along z :
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Quadupole nature of GW emission

No mass dipolar emission because of the conservation of momentum. To solve the linearized EE, 
we will use the Green function is solution of the D’Alembertian wave equation for a delta function 
source :

Retarded Green function like in EM :

The disturbance in the gravitational field at (t,x) is the sum of the influences from the energy and 
momentum of the source at (t-|x-y|,y).

Hypotheses about the source :

1) Isolated

2) Far away :

3) Slowy moving : emission at frequency ω much lower than the source size seen by a photon 

R=|x-y|

dR

y

x

R>>dR

ω<<c/dR
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Derivation of quadrupole formula

We want to compute the integral

Because                  ,                      can be expressed in terms of 

                                         ... (see for instance S. Caroll)

Total radiated per unit solid angle in the direction n :

Total radiated per unit solid angle for a given polarization :

GW luminosity for all polarizations  :
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Orders of magnitude

                                                                                                     is really small

Source mass M, size R, period T and asymetry ε :

Sources must be :

● Compact R~ Schwarshild radius (2GM/c2)

● Asymetric ( ε non null)

● Relativist (v ~ c)

G/5c5 ~10-53 W-1

Sources of Gws : neutron star and black holes
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Gravitational waves : summary

● General relativity prediction.

● Gravity is not a force in GR, but a space-
time deformation.

● Masses locally deform space-time.

● Accelerated masses emit gravitational 
waves, ripples in space-time.

● Space-time is rigid :
– The amplitude of the deformation is tiny

– Need cataclysmic events in order to expect to measure something on Earth … 
h~10-21

– GW sources : mainly astrophysical … fortunately the amplitude descreases 
linearly with the distance.
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Effect of a GW

“+” polarization:

“x” polarization:

ΔL
L

=
h
2

“strain”
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Binary pulsar PSR 1913+16 - 1974

M1 = 1.438 M
o
 

M2 = 1.390 M
o

8 hour orbit
Orbit decays  by 
3mm per orbit.

Discovered in 
1974 by Russell 

Hulse and Joseph 
Taylor, then at 

University 
Massachusetts.
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A Nobel prize ...

“… for the discovery of a new type of pulsar, a discovery that has 
opened up new possibilities for the study of gravitation.” 1993
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First proof that GWs do exist - 1982
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First proof that GWs do exist - 1982

Taylor & Weisberg, 1982
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The latest measurements - 2016

“The points, with error bars too 
small to show, represent our 

measurements”
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GW detection : first experimental attempts

Inspired and motivated by the Chapell Hill 
discussions, Joe Weber (U of Maryland) 
constructs the first GW detectors.

« In 1958 I was able to prove, using Einstein’s 
equations that a gravitational wave would 
change the dimensions of an extended body. »
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60-70s : false claims & theoritical studies on sources

K. Thorne 1980
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Interferometric GW detectors

First suggestion: 1962 two Soviet physicists, V.I. Pustovoit and M.E. Gertsenshtein, noted 
that the use of a Michelson interferometer would be a possible means to detect gravitational 
waves over a frequency range that was broader than the Weber bars.

1970’s, Robert Forward (student of Weber) at Hughes Aircraft builds a small Michelson 
interferometer to search for gravitational waves. Credits Rainer Weiss (MIT) and astronaut 
Philip Chapman (also at MIT) for inspiration.   
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Detection principle

L+2Δ LL

But ... h∼10−21

Gravitational wave is passing through a circle of free falling masses

Strain amplitude 



Michelson interferometer

LL
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1972 – Rai Weiss interferometer study

1972: Weiss produces the first 
detailed study for a realistic 
interferometric gravitational wave 
detector. 

Systematically addresses a 
number of realistic noise sources:  
● Amplitude Noise in the Laser 

Output Power
● Laser Phase Noise or 

Frequency Instability
● Mechanical Thermal Noise in 

the Antenna
● Radiation-Pressure Noise from 

the Laser Light
● Seismic Noise
● Thermal-Gradient Noise
● Cosmic-Ray Noise
● Gravitational-Gradient Noise
● Electric Field and Magnetic 

Field Noise

[Quarterly Progress Report, Research Laboratory of Electronics, MIT. 105: 54.]
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1970-80s : prototype interferometric detectors

1970s and 80s: 
Interferometers constructed at 
● Garching
● Glasgow
● MIT
● Caltech

The interferometer technology 
started progressing rapidly.
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1980s – LIGO is born

Thorne, Drever (Caltech)

Weiss (MIT)

National Science Foundation
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While in Europe … Virgo

A. Brillet (Orsay, Nice)
Lasers, Optics

A. Giazotto (Pisa)
Vibration Isolation
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GW source spectrum
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GW source zoology

Astrophysical or 

Short 
duration 
(~1s)

Long 
duration 
(∞)

Known waveforms Unknown waveforms
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Source : Compact binary coalescence

● Compact binary objects: Two neutron stars 
and/or black holes.

● Inspiral toward each other. Emit 
gravitational waves as they inspiral.

● Amplitude and frequency of the waves 
increases over time, until the merger.

● Waveform relatively well understood, → 
matched template searches.

● Unique way to study string field gravity 
and the structure of the nuclear matter in 
the most extreme conditions

Gravitational waveform:             inspiral              merger  BH-ringdown

Waveform carries lots of information about binary masses, orbit, merger, spins, ... 
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Source : Burst

● Many potential transient sources:

– Supernovae: probe the explosion mechanisms.

– Gamma Ray Bursts: collapse of rapidly rotating massive stars or neutron star 
mergers.

– Pulsar glitches: accretion.

– Cosmic strings cusps and kinks.

● Models are ok, but not essential:

– Search for power excess in the data.

– Search for any short signal with measurable strain signal.

Aspherical  outflows

Rotational 
instabilities

Convection
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CCSN : how far can we detect ? How many ?

With advanced LIGO and advanced Virgo:

Distance: between 100 kpc (SASI and MHD) and 20 Mpc (extreme model like disk 
fragmentation and bar mode) [Gossan et al arxiv:1511.02836]

Rate : [J. Gill et al in preparation]
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Source : periodic

● Pulsars with mass non-uniformity:
● Small “mountain”.
● Density non-uniformity.
● Dynamic processes inside neutron star, 

leading to various instabilities.
● Produce gravitational-waves, often at 

twice the rotational frequency.
● Waveform well understood:

● Sinusoidal, but Doppler-modulated.
● Continuous source!
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Source : stochastic background

● Incoherent superposition of many 
unresolved sources.

● Cosmological:
● Inflationary epoch, preheating, 

reheating
● Phase transitions
● Cosmic strings
● Alternative cosmologies

● Astrophysical:
● Supernovae
● Magnetars
● Binary black holes

● Potentially could probe physics of the 
very-early Universe.
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20 years of searches ...
LI

G
O

G
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O

V
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g
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S1 S2 S3 S4

VSR1commissioning

08 09

1.5G detectors 

10 11

S6S5

VSR4VSR3VSR2

15

1G detectors 2G detectors 

O1

16

O2

17

2000
● Sensibility not high enough for 

detection
● First observation runs  (upper 

limits)

2015
● Begin GW astronomy

2010
● Begin GW networking
● Begin multi-messenger 

analysis
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From 1st to 2nd generation of detectors

15-20 Mpc BNS 
inspiral range

(2010) 
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The second generation of GW detectors

15-20 Mpc BNS 
inspiral range

(2010) 
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LIGO strain noise during O1 (2015)

Initial 
LIGO

Advanced 
LIGO 
design

PRD 93, 112004 
(20016)
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Advanced detectors
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Advanced Virgo payloads
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O1 and O2 run performance

O1 O2
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Network of advanced detectors as of 2017

Operational
Commissioning
Construction
Planned

Hanford
LIGO

Livingston
LIGO

Hannover
GEO

Cascina
Virgo

India
LIGO

Kamionka
KAGRA

t
Livingston

t
Hanford

t
Hanford

t
Virgo

SOURCE

GHOST

Motivations:
● Increase the sky coverage. 
● Source reconstruction (localization).
● Reduce false alarm (coincidence).
● Assess discovery confidence.
● ...
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How do we search for a GW signal in ground based 
detector data ?
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Response of a GW interferometer

● Directional detector

● Directional sensitivity 
depends on polarization in 
a certain (+,×) basis

LLh /Δ

How to detect the path of a GW?
 → GW induces a differential change of the arms' length
 → light phase shift measurement
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Network sky coverage

Antenna factor coverage Alignment factor

LIGO Hanford &
LIGO Livingston

LIGO Hanford &
LIGO Livingston &
Virgo

6 detectors (US, 
Europe, Japan, India
Australia)
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Gravitational wave data

Question: nature of the noise?

→ h(t) time series that is detector noise 
plus all hypothetical GW signals

h ~ ΔL/L

● GW detectors' readout system provides at any instant an estimate of 
strain: a quantity that is sensitive to arms' length difference:
→ Digitized discrete time series: raw(t) (sampled at 16384 Hz or 20000 Hz) and 
synchronized with GPS clocks.
→ Calibration of raw(t): apply a frequency dependent factor [in reality this is a bit 
more complicated ...] 

● Detector monitoring: ~1000 auxiliary channels recorded at different 
sampling rate (environment/control monitoring)
→ detector characterization effort to disentangle genuine GW signal from noise
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GW detectors sensitivities

● Best noise spectrum achieved by LIGO Hanford, LIGO Livingston and Virgo
● Non white, non smooth … and non stationary ...

CBC search bandwidth
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CBC horizon distance

Another way to represent the sensitivity: distance at which an optimally oriented and 
located BNS (equal mass) system is detected with SNR=8
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Frequency and time domain GW data representations

● Fourier transform:

● Time series        with N samples at times  
→ Discrete Fourier transform: 

● Efficient algorithm to compute discrete Fourier transform: Fast Fourier Transform 
(FFT)
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Power Spectral Density (PSD) estimation

PSD = Fourier transform of the auto-correlation function of the data

Wiener-Khinchin 
theorem

When data has infinite extend 
in time domain, PSD estimate

In reality: finite amount of data → true PSD is convolved with the Fejèr kernel (Fourier transform of 
a square function)→ bias of estimators

Estimators:
● Simplest estimator (periodogram): FFT the data → square each frequency component.
● Averaged periodogram: to reduce variance of periodograms
● Windowed data periodogram: to reduce spectral leakage (data are not periodic!). Tapered window 
● Welch approach: average of periodograms computed over overlapping windowed data segments
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Time frequency representation

● Transient signal → localized in time and frequency
● Many time frequency transforms (spectrogram, WignerVille, Wavelet, …).
● Massive use of time-frequency map for (un-modelled) searches and detector 

characterization

An “helicopter” event 

A simulated BBH signal 
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Matched filtering
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Matched filtering
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CBC pipeline processing: match filtering
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Matched filter : summary

FFT of data Template can be generated in
frequency domain using
stationary phase approximation

Noise power spectral density
(in this case this is the two-sided 
Power spectrum)

● Phase coherence is more important than amplitude matching
● Need to build a bank of template that will cover the full parameter space
→ Filter over the full template bank
→ Threshold on C(t) → trigger generation

● SNR is simply:

fl fh

In practise, integrals computed over [fl, fh]

fl: after “seismic wall”

fh: when signal stops and/or fsampling
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CBC search in a nutshell

But which waveform model for the template bank ?
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Waveform modelling to detect & infer

[arXiv 1410.7832]

Two parameters to determine the range of validity : 
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Source parameter estimation: Bayesian inference

θ
JN

m
1

m
2

d
L

S
1

S
2

posterior likelihoodprior
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Source parameters estimation: Bayesian inference

Individual masses Final BH mass and spin
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Source parameters estimation: Bayesian inference



66

Source parameters estimation: Bayesian inference

90% contour: 590 deg2

50% contour: 140 deg2
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Source parameters estimation: Bayesian inference

Spins aligned with orb. 
angular momentum 
constrained to be small

Precession un-constrained
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Source parameters estimation: Bayesian inference

EOBNR / IMRPhenom waveforms
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Spin effect



70

Spin measurements

GW151226
GW170114

Cluster Formation?

Isolated Binary Formation?

GW150914
LVT151012
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Beyond searches: GW astronomy

● BBH rate measurement:   12-213 Gpc-3 yr-1

● Better understand BH and BBH formation scenarios.

● Testing GR in strong field.

● Test kilonovae model.

● Core collapse supernovae explosion mechanisms.

● New standard sirens to measure the Universe expansion.

● Fundamental physics test:

– EOS in neutron stars

– Graviton mass, neutrino masses, …

– Primordial BH as dark matter

– Primordial GWs and inflation
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● Fundamental physics test:

– EOS in neutron stars

– Graviton mass, neutrino masses, …

– Primordial BH as dark matter

– Primordial GWs and inflation



73

Star formation astrophysics

● First BBH system ever observed & heaviest stellar mass black holes (>25 
Msun).

● BBH formation: isolated binaries (low-Z to popIII) vs capture in dense 
clusters (globular clusters, galactic centers, …): no way to discriminate 
between the 2 scenarios with 4 BBHs.

High mass stellar BH → low metalicity Z < ½ Zsun
                                  → weak massive-star winds
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Astrophysics: Binary black hole formation
● Isolated Binaries

– Solar to Population III

– Rapid rotation

● Dense Clusters
– Globular clusters

– Young clusters

– Galactic centers

[Arxiv 1602:02444, 1604:04254][Belczynski et al. 2016]

Low metallicity 
environment needed 
for large stellar mass 
black hole formation
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Beyond searches: GW astronomy
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Testing GR with GWs

● GWs are predicted in almost any metric theory of gravity.

● Compare GR GWs with any (parametrized) alternative theory of GR.  

● Phenomenological tests concerning different aspects :

– Binary dynamics (encoded in the phase of the inspiral GW signal)

– Polarization of GWs (only 2 polarization in GR)

– Propagation of GWs

● Test BH theorems (no-hair, …).

● Test of modified gravity theories (extra fields, curvature terms, 
graviton mass, …).

● Do we observe GR BH or something else ?
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Testing GR GWs
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Consistency test for inspiral, merger and ringdown

Verify self-consistency by
comparing final mass and spin
predicted from the “inspiral”
and from the “post-inspiral”
[Ghosh+, 2016]
[LVC PRL(2016)]
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Testing the QNM of the final BH

From the IMR parameter estimation, 
the l=2,m=2,n=0 fQNM = 251 Hz & τ=4 
ms @90% CL. 
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Residuals test

Credit Stas Babak]
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Multi messenger astronomy
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Multi-messenger astronomy with GWs

Gravitational waves

Binary NS merger

Neutrinos

X and gamma

Radio

Optical/UV
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Transient sources: what the GW network is doing now 

All-sky / all-time transient searches
→ low latency (1 min)
→ submit private GCN notices & circulars the “most significant” triggers
→ ~90 MOU currently active
→ all triggers kept in a private LVC data base
→ LIGO data public release 18 months after data taking. 
No release fo Virgo data.

Targeted searches (external triggers)
→ GRB, SGR, AXP, magnetars
→ medium latency (GRB only)

Multi-messenger searches
→ neutrinos (HEN & LEN), FRB, GRB, ...
→ sub-threshold triggers
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Sky localization – 2 detectors case
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Sky localization: more detectors needed!
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Not only binary black holes
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Continuous waves from NS

● Persistant signals.

● Weak amplitudes 
(ellipticity unknown).

● Known sources in the 
galaxy.

● Multi-messenger analysis 
with radio telescope 
inputs.

● All-sky/targeted searches

● 8 known pulsars spin 
down limit beaten.

ApJ 839,12, 2017
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Stochastic background search & BBH sources
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What’s next?
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Virgo is joining LIGO in O2?
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Virgo progresses since May 2017
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Virgo noise budget / commissioning

Measured

Model

Goal

Noise hunting
Noise hunting 
& noise hunting!
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LIGO – Virgo - KAGRA
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Towards O3 - LIGO

[Credit: G. Losurdo Amaldi 2017]
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Towards O3 - Virgo

[Credit: G. Losurdo Amaldi 2017]
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The other GW detectors
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Laser Interferometer Space Antenna - LISA

● ESA – All Systems GO!

● LISA proposal just 
accepted by ESA for 
mission L3

● Planned launch 2034

● NASA coming back

● Earlier launch?

● LIGO GW events and
Lisa Pathfinder success
have helped significantly

● Tremendous activity at 
presentPresent plan: 3 Interferometers

2.5 x 106 km arm lengths



98

LISA Physics

Characteristic strain amplitude versus frequency for a space-based laser interferometry mission (armlength 106 
km, 1-yr observations). Objects expected to be strong gravitational wave sources over this frequency range.

LISA GOAT
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LISA Physics

Gravitational wave signals from a heavy stellar black hole binaries. BBH systems can be 
observed by both LISA and Advanced LIGO – Advanced Virgo. LISA GOAT
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LISA physics

Gravitational Observatory Advisory Team – GOAT (ESA web site) 



101

LISA Pathfinder – Demonstrating LISA Technology

LISA Pathfinder worked! Exceeded 
requirements. Still, operation was not 
perfect, and there is lots of 
experimental work to do before LISA. 

A set of cold gas micro-newton thrusters to 
ensure the spacecraft follows TM1.  A 
second control loop forces TM2 to stay at a 
fixed distance from TM1 and thus centered 
in its own electrode housing.

[PRL 116, 231101 (2016)]
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LISA Summary

● The LISA project is presently moving forward rapidly.

● ESA and NASA see this as a high priority.

● A tremendous amount of R&D still needs to be done 
for LISA, and there is much experimental activity.

● After the LHC, LISA may offer the best opportunity to 
observe the high energy physics that describes the 
universe. 
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Gravitational Wave Spectrum
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Pulsar Timing

arXiv:1211.4590

Distant pulsars send regular radio pulses – highly accurate clocks.
A passing gravitational wave would change the arrival time of the pulse.

Numerous collaborations around the world. Interesting upper limits and likely 
detections in the near future. 
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Polarization Map of the Cosmic Microwave 
Background

The CMB anisotropy polarization map may be decomposed into curl-free even-parity 
E-modes and divergence-free odd-parity B-modes.

Gravitational waves in the early universe imparts a “curl” on CMB polarization.         
                                     arXiv:1407.2584
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Third Generation Gravitational Wave Detectors

Example : Einstein Telescope

Underground to reduced seismic noise.
10 km arms
Cryogenic mirrors
Lower frequency limit – 1 Hz
10 x better sensitivity than 2nd  generation detectors
Farther back in the universe

Other ideas in US (Cosmic Explorer, Voyager, …)        
Third generation ground based detectors will be world-wide (GWIC)
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References to start with ...

● General relativity and gravitational waves :

– S. Caroll « Spacetime and Geometry » Addison-Wesley

– T. Moore « A General Relativity Workbook » 

– Misner, Thorne & Wheeler « Gravitation »

● Laser interferometer detectors

– P. Saulson, « Fundamentals of Interferometric Gravitational Wave Detectors » 
World Scientific Publishing Co.,

● To understand how energy is absorbed in GW laser interferometer

– Peter Saulson, Class.Quantum.Grav.14:2435-2454,1997.

– Yiqiu Ma et al, Class. Quantum Grav., 32, 2015, 015003 (2014).

● Signal processing for beginners : 

– W Press, S. Teukolsky, W. Vetterling and B. Flannery, « Numerical  Recipes: 
The Art of Scientific Computing », Cambridge University Press.

● All Living Reviews in relaitivity: http://www.springer.com/fr/livingreviews/relativity
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