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Overview:
n Introduction: history GW 
n Ground based Experiments on 

Gravitational waves and first detection
n Phenomenology of Gravitational Waves
n LISA space mission
n Pulsar timing Arrays, 
n HO measurement, NANOGrav signal
n Gravitational Waves from neutron star 

merge and multi-messenger signal.
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INTRODUCTION: 
histrory of 

Gravitational Wave 
searches
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General Relativity
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Gravitational waves
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Gravitational waves
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Are Gravitational Waves Real?
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What Are Gravitational Waves?
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The Detectors
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Advanced LIGO – Advanced Virgo
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Advanced LIGO
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Advanced Virgo
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Advanced Virgo
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GW150914
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Phenomenology 
of GW
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Merger: highly nonlinear 
dynamics. (Numerical Relativity)

Ringdown 
(Perturbation 
theory)

(Brady, Craighton, Thorne 1998)

Inspiral (PN methods)

(Buonanno & Damour 2000)

Numerical Relativity, the 2005 breakthrough: 
Pretorius, Campanelli et al., Baker et al. … 

53



MEPHI Lecture: Gravitational Waves

54



MEPHI Lecture: Gravitational WavesImportance of an analytical formalism

ØTheoretical: physical understanding of the coalescence process,
especially in complicated situations (arbitrary spins)

ØPractical: need many thousands of accurate GW templates for
detection & data analysis;
need some “analytical” representation of waveform 
templates as f(m1,m2,S1,S2)

ØSolution: synergy between analytical & numerical relativity

Perturbation 
Theory 

PN
Numerical 
Relativity

Resummed
Perturbation thy 

EOB

Hybrid

non perturbative information
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EFFECTIVE ONE BODY (EOB)

approach to the two-body problem

Buonanno,Damour 99                                      (2 PN Hamiltonian) 
Buonanno,Damour 00                                      (Rad.Reac. full waveform)
Damour, Jaranowski,Schäfer 00                      (3 PN Hamiltonian)
Damour 01, Buonanno, Chen, Damour 05,…   (spin)
Damour, Nagar 07, Damour, Iyer, Nagar 08    (factorized waveform)
Buonanno, Cook, Pretorius 07, Buonanno, Pan … (comparison to NR)
Damour, Nagar 10                                           (tidal effects) 
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Inspiral + « plunge » Ringdown

Ringing BHTwo orbiting point-masses:
Resummed dynamics 57
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Motion of two point masses

Dimensional continuation :

Dynamics : up to 3 loops, i.e. 3 PN

Jaranowski, Schäfer 98
Blanchet, Faye 01
Damour, Jaranowski Schäfer 01
Itoh, Futamase 03
Blanchet, Damour, Esposito-Farèse 04
Foffa, Sturani 11
4PN & 5PN log terms (Damour 10, Blanchet et al 11)
4PN (Jaranowski&Schaefer 13, 

Foffa&Sturani 13, Bini&Damour 13)

Radiation : up to 3 PN

Blanchet, Iyer, Joguet, 02,
Blanchet, Damour, Esposito-Farèse, Iyer 04
Blanchet, Faye, Iyer, Sinha 08
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3PN

2PN

1PN
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Taylor-expanded 3PN waveform

Blanchet,Iyer, Joguet 02, Blanchet, Damour, Esposito-Farese, Iyer 04, Kidder 07, Blanchet et al. 08
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GW detection
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GW detection
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Localization LIGO O1 Events

Simulation for 3rd detector at Virgo 
location with LIGO O1 sensitivity
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GW detector network: 2015-2025
GEO600 (HF)
2011 

Advanced LIGO 
Hanford 
2015 

Advanced LIGO 
Livingston 
2015 

Advanced 
Virgo
2016 LIGO-India

2022

KAGRA
2017



KAGRA
Kamioka Mine

Underground

Cryogenic Mirror § Technologies crucial for 
next-generation 
detectors;

§ KAGRA can be regarded 
as a 2.5-generation 
detector.
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Preliminary Concept

PAX Workshop - Amsterdam
74

17-Aug-17

LASER

Advanced LIGO
4 km

Cosmic Explorer

The Cosmic Explorer: x10 aLIGO
• Earth‘s Surface; 
• 40 km arms
• Advanced LIGO Technology +
• Squeezed Light

Cosmic Explorer
40 km 

arXiv:1607.08697v3 [astro-ph.IM] 11 Sep 2016
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Space missions
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LISA in Orbit
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