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STARTING FROM 14 SEPT 2015: 
GRAVITATIONAL WAVE (GW) DETECTIONS BY

 TWO LIGO (+ VIRGO+KAGRA+…) GW DETECTORS
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GW150914, [LVT151012,]GW151226, GW170104,…: 
incredibly small signals lost in the broad-band noise

GW150914, from LIGO open data

GW151226 from LIGO open data
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 LIGO-Virgo p>0.5 Events
(O1-O2-O3a-O3b; nov 2021)

90 events, incl.: 2 NS-NS; 3 NS-BH; 85 BH-BH



LIGO-Virgo data analysis
Various levels of search and  analysis: online/offline, parameter estimation

Online trigger searches:
CoherentWaveBurst Time-frequency
(Wilson, Meyer, Daubechies-Jaffard-Journe, Klimenko et al.)
Omicron-LALInference sine-Gaussians 
Gabor-type wavelet analysis (Gabor,…,Lynch et al.)
Matched-filter: 
PyCBC (f-domain), gstLAL (t-domain)

Offline data analysis:
Generic transient searches

Binary coalescence searches

Here: focus on matched-filter definition 
(crucial for high SNR, significance assessment, and parameter estimation)

�output|htemplate⇥ =
�

df

Sn(f)
o(f)h�template(f)Matched

 Filtering



Basics of Gravitational Waves
In linearized GR (Einstein 1916,1918):
Two Transverse-Traceless (TT) tensor polarizations propagating at v=c 

€ 

hij = h+(xix j − yiy j ) + h×(xiy j + yix j )

€ 

gij = δij + hij
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L
=
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hijn

inj

Lowest-order generation: 
quadrupole formula

Weber, Pirani,…



BASICS OF BLACK HOLES
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r = 0 SINGULARITÉ

r = 2M
HORIZON

ÉCLAIR
LUMINEUX

ÉMIS DEPUIS
LE CENTRE

ÉTOILE EN 
EFFRONDREMENT

temps

espace

1916 Schwarzschild (non rotating) Black Hole (BH)

Horizon: cylindrical-like regular null  
hyper-surface whose sectional area  

is nearly constant, and actually  
slowly increasing (Christodoulou ’70, 

Christodoulou-Ruffini ’71, Hawking ’71)

ds2 = �(1� 2GM

c2r
)dt2 +

dr2

1� 2GM
c2r

+ r2(d✓2 + sin2 ✓d'2)

Schwarzschild radius  (singularity ?): r_S= 2GM/c^2

1963 Kerr Rotating BH: M, S 

1939 Oppenheimer-Snyder « continued collapse »

1969 Penrose 

1965 Doroshkevich, Zel’dovich, Novikov 

AS(r) = 1� 2GM

c2r

radial potential

No hair property in D=4
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Freeman Dyson’s challenge: describe 
the intense flash of GWs emitted by 
the last orbits and the merger of a binary 
BH, when v~c and r~GM/c^2

Einstein 1918 + Landau-Lifshitz 1941

Pioneering the GWs from coalescing compact binaries
Freeman Dyson 1963

Buonanno-
Damour

 2000

inspiral merger ringdown
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Physics entering the GWs emitted by coalescing BHs or NSs 

Inspiral:
perturbative
computation

of higher-order
contributions
to E=H and F

(expansion in v^2/c^2
+ tidal polarizability
+ of NS)

Ringdown (BBH):
«  vibration modes »
of final BH (QNM);

perturbation
of BHs à la

Regge-Wheeler-Zerilli-
Teukolsky

Late inspiral, « plunge » and merger:
needs either Numerical Relativity

or a resummation of perturbative results
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Rµ⌫ = 0

ds

2 = gµ⌫(x
�) dxµ

dx

⌫
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 Tools used for the GR 2-body pb 
Post-Newtonian  (PN) approximation (expansion in 1/c; ie v^2/c^2 and GM/(c^2r))

Post-Minkowskian  (PM) approximation  (expansion in G; ie in GM/(c^2b)) 
and its recent Worldline EFT avatars
Multipolar post-Minkowskian (MPM) approximation 
theory to the GW emission of binary systems

Matched Asymptotic Expansions  useful both for the motion of strongly
self-gravitating bodies, and for the nearzone-wavezone matching

Gravitational Self-Force (SF): expansion in m1/m2, with « first law of 
BH mechanics » (LeTiec-Blanchet-Whiting’12,…)

Effective One-Body (EOB) Approach

Numerical Relativity (NR)

Effective Field Theory (EFT)
Quantum scattering amplitude aided by Double-Copy, Generalized 
Unitarity,« Feynman-integral Calculus » (IBP, DE, regions, reverse unitarity,…), 
Kosower-Maybee-O’Connell
+ Worldline QFT                    
Tutti Frutti  method
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Quantum Scattering Amplitudes and 2-body Dynamics
Amati-Ciafaloni-Veneziano 1987-2008 

Ultra-High-Energy (s >> M_Planck^2)
Four-graviton Scattering at 2 loops

Eikonal phase \delta in D=4
with one- and two-loop corrections using the Regge-Gribov approach
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Methods for transforming scattering angle in PM-dynamics
(TD’16,18; Cheung-Rothstein-Solon’18; Kalin-Porto’19,…)

HE puzzle posed by 3PM=G^3=2-loop result of Bern et al. 

G^3-puzzle resolved by taking into account radiative effects
(DiVecchia-Heissenberg-Russo-Veneziano’20,TD’20,….)-> talk by Heissenberg

Subtleties at G^4=3loop still to be clarified
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State of the art for PN dynamics
• 1PN (including v2 /c2)  [Lorentz-Droste ’17], Einstein-Infeld-Hoffmann ’38 

• 2PN (inc. v4 /c4) Ohta-Okamura-Kimura-Hiida ‘74, Damour-Deruelle ’81 
                             Damour ’82, Schäfer ’85, Kopeikin ‘85 

• 2.5 PN (inc. v5 /c5)  Damour-Deruelle ‘81, Damour ‘82, Schäfer ’85, 
  LO-radiation-reaction                             Kopeikin ‘85 

• 3 PN (inc. v6 /c6) Jaranowski-Schäfer ‘98, Blanchet-Faye ‘00,  
                 Damour-Jaranowski-Schäfer ‘01, Itoh-Futamase ‘03,  
                 Blanchet-Damour-Esposito-Farèse’ 04, Foffa-Sturani ‘11 

• 3.5 PN (inc. v7 /c7) Iyer-Will ’93, Jaranowski-Schäfer ‘97, Pati-Will ‘02, 
              Königsdörffer-Faye-Schäfer ‘03, Nissanke-Blanchet ‘05, Itoh ‘09 

• 4PN (inc. v8 /c8) Jaranowski-Schäfer ’13, Foffa-Sturani ’13,’16  
          Bini-Damour ’13, Damour-Jaranowski-Schäfer ’14, Marchand+’18, Foffa+’19 

 New feature at G^4/c^8 (4PN and 4PM) : non-locality in time (linked to IR  
divergences of formal PN-expansion) (Blanchet,TD ’88) 

• 5PN (inc. v10 /c10 and G^6) Bini-Damour-Geralico’19: complete modulo two  
• numerical parameters; Bluemlein et al’21: potential-graviton contrib. and 
• partial determination of radiation-graviton contrib. used QGRAF to generate 
545812 4-loop  diagrams, and 332020  5-loop diagrams

• 6PN (inc. v12 /c12 and G^7) Bini-Damour-Geralico’20: complete modulo four  
• additional parameters 

Inclusion of spin-dependent effects: Barker-O’ Connell’75, Faye-Blanchet-Buonanno’06, 
Damour-Jaranowski-Schaefer’08,   Porto-Rothstein ’06, Levi ’10, Steinhoff-Hergt-Schaefer 
’10, Steinhoff’11, Levi-Steinhoff’15-18, Bini-TD, Vines , Guevara-Ochirov-Vines,….

First complete 2PN 
and 2.5PN dynamics

obtained by using 2PM (G^2)
EOM of Bel et al.’81

with
retarded

propagator

soft (radiation) gravitons



2-body perturbative Hamiltonian: N + 1PN + 2PN

11



2-body Taylor-expanded 3PN Hamiltonian [DJS 01]

12



2-body Taylor-expanded 4PN Hamiltonian [DJS, 2014, JS 2015]

13
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Perturbative Theory of the Generation of Gravitational Radiation
Einstein ’16, ’18 (+ Landau-Lifshitz 41, and Fock ’55) : h+, hx and quadrupole 
formula
Relativistic, multipolar extensions of LO quadrupole radiation :
Sachs-Bergmann ’58, Sachs ’61, Mathews ’62, Peters-Mathews ’63, Pirani '64
Campbell-Morgan ’71, 
Campbell et al ’75, 
nonlinear effects:
Bonnor-Rotenberg ’66,
Epstein-Wagoner-Will ’75-76
Thorne ’80, .., Will et al 00
MPM Formalism:
Blanchet-Damour ’86, 
Damour-Iyer ’91, 
Blanchet ’95 ‘98
Combines multipole exp. ,
Post Minkowkian exp., 
analytic continuation, 
and PN matching



Perturbative (3.5PN) GW flux from (circular) binary system
• lowest order : Einstein 1918  Peters-Mathews 63
• 1 + (v2 /c2) : Wagoner-Will 76
• … + (v3 /c3) : Blanchet-Damour 92, Wiseman 93 
• … + (v4 /c4) : Blanchet-Damour-Iyer Will-Wiseman 95
• … + (v5 /c5) : Blanchet 96
• … + (v6 /c6) : Blanchet-Damour-Esposito-Farèse-Iyer 2004
• … + (v7 /c7) : Blanchet
• … + most of (v8 /c8) : Blanchet et al 
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Analytical GW Templates for BBH Coalescences ?

Cutler et al. ’93:
« slow convergence of PN »

Brady-Creighton-Thorne’98: 
« inability of current computational 
techniques to evolve a BBH through its last
 ~10 orbits of inspiral »  and to compute the
merger 

Damour-Iyer-Sathyaprakash’98:
use resummation methods for E and F

Buonanno-Damour ’99-00:
novel, resummed approach:
Effective-One-Body
analytical formalism

PN corrections to Einstein’s quadrupole frequency « chirping »
from PN-improved balance equation dE(f)/dt = - F(f)
d�

d ln f
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Effective One Body (EOB) Method
Buonanno-Damour 1999, 2000; Damour-Jaranowski-Schaefer 2000; Damour 2001 
(SEOB)
[developped by: Barausse, Bini, Buonanno, Damour, Jaranowski, Nagar, Pan, Schaefer, Taracchini, …]

Predictions as early as 2000 : 
continued transition,  non adiabaticity, first complete waveform, final spin (OK within 10%), final 
mass

Resummation of perturbative PN results             description of the coalescence 
+ addition of ringdown (Vishveshwara 70, Davis-Ruffini-Tiomno 1972) [+ CLAP (Price-
Pullin’94)] Buonanno-Damour 2000



EOB: resumming the dynamics of a two-body system (m_1,m_2,S_1,S_2) 
in terms of the dynamics of a particle of mass mu and spin S*  
moving in some effective metric g(M,S)

Effective metric for non-spinning bodies: a nu-deformation of  Schwarzschild

ds2e↵ = �A(r; ⌫) dt2 +B(r; ⌫) dr2 + r2
�
d✓2 + sin2 ✓ d'2

�

µ =
m1m2

m1 + m2
M = m1 +m2 ⌫ =

µ

M
=

m1m2

(m1 +m2)2



2-body Taylor-expanded N + 1PN + 2PN+ 3PN Hamiltonian
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Explicit 3PN EOB dynamics (Damour-Jaranowski-Schaefer ’01)

ds2e↵ = �A(R; ⌫)dt2 +B(R; ⌫)dR2 +R2(d✓2 + sin2 ✓d�2)

post-geodesic effective mass-shell:

u ⌘ GM

Rc2

�P 0
0 = Ee↵

P 0
' = Je↵ = Jreal
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Spinning EOB effective Hamiltonian
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Resummed EOB waveform
(Damour-Iyer-Sathyaprakash ’98) Damour-Nagar ’07, Damour-Iyer -Nagar ’08, Pan et al. ‘10

NB: T_lm 
resums an
infinite number
of terms and
already contains,
eg, 4.5PN tail^3
terms
(Messina-Nagar17)



hringdown
⇤m (t) =

�

N
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Ne��+

N (t�tm)

hEOB
�m = �(tm � t)hinsplunge

�m (t) + �(t� tm)hringdown
�m (t)

EOB

First complete waveforms for BBH coalescences: 
analytical EOB (Buonanno-Damour’00,Buonanno-Chen-Damour’05)

After the 2005 NR breakthrough (Pretorius,…)

development of the NR-completed EOB waveforms
inspiral merger ringdown
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The impact of Numerical Relativity (Pretorius 2005,…)

Buonanno-Cook-Pretorius 2007

NR completion of EOB
(Buonanno et al, TD-Nagar et al)



 EOB[NR] / NR Comparison

Inspiral + « plunge »

Ringing BH
Two orbiting point-masses:
    Resummed dynamics

Instantaneous GW power at coalescence ~ 10^56 erg/s ~ 10^-3 c^5/G
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MATCHED FILTERING SEARCH AND DATA ANALYSIS
 Banks of templates (e.g. 250 000  EOBNR templates in O1) for search inspiralling and 
coalescing  BBH GW waveforms: m1, m2, chi1=S1/m1^2, chi2=S2/m2^2 for m1+m2> 
4Msun; + ~ 50 000 PN inspiralling templates for m1+m2< 4 Msun;
O2: ~ 325 000 EOB templates + 75 000 PN templates

Bank of spinning EOB[NR] templates 
(Taracchini et al. 14, Bohé et al'17) in ROM form 
(Puerrer et al.’14); Nagar et al…
Bank of Phenom[EOB+NR] templates
(Ajith…'07, Hannam…'14, Husa…’16, Khan…’16)

Two types of templates:

h(f) = A(f)ei (f)
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 LIGO-Virgo p>0.5 Events
(O1-O2-O3a-O3b; nov 2021)

90 events, incl.: 2 NS-NS; 3 NS-BH; 85 BH-BH



Towards the Future 

cosmic explorer

pulsar timing array

lisa

Einstein telescope

ligo india



crédit  Michael Kramer/MPIfR

Probing Fundamental Physics with 
Gravitational Data (GR and Beyond)

(review: particle data group) 
grav. waves Microscope Lunar laser ranging Cassini

Binary pulsars Galactic center EHT

Cosmology



Phenomenological approaches to GR deviations 
Equivalence Principle:  

Weak-field Gravity (PPN):

Binary-pulsar timing (PPK)
strong-field

+radiative gravity:

Keplerian Post-
Keplerian

Post-
Einsteinian

Phenomenological
tests of GW data



Tests of the Equivalence Principle

Microscope
(Touboul et al.)

Lunar-
Laser 

ranging

Variation of
« constants » 

↵ ⌘ e2

~c ⇡ 1

137.036

cosmological
Oklo

Atomic-clocks

Eotvos (Adelberger et al)

Tests of the 1/r^2 law

(Kapner et al)



Phenomenological tests of post-Newtonian gravity (solar system)

Cassini Mission

Two main post-Newtonian parameters

�̄ = � � 1

�̄ = � � 1



Phenomenological Binary Pulsar Tests: strong and radiative fields

PSR1913+16 (Hulse-Taylor)

 Double  Pulsar(Kramer et al)
5 precision  tests of GR

Triple  Pulsar  (SEP)



Phenomenological GR tests from LIGO-Virgo
The most direct evidence that the BHs 
predicted by GR exist and have the 
expected structure 
 
Global Fitting factor 
observed/predicted signal 

Dividing in inspiral
and post-inspiral
Confirmation of final 
damped vibration modes

SNRGRq
SNR2

GR + SNR2
res,90

= 0.97

recent pSEOBNRv4HM analysis of GWTC3



Phenomenological GR tests LIGO-Virgo (2)

 Phenom. tests of
inspiral signal 

h(f) = A(f)ei (f)

(GW170817)

Best limit for dipole rad:
10^-3 level (pulsars -> 10^-9)

Speed of GWs vs light

O(1) limit



Other tests of GR 

EHT

centre of our 
Galaxy 
 SgrA*: 

notably S2

cosmology



 long-distance
«  black clouds »  

dark
matter

dark
energy

Theory-based approaches to GR deviations ?
Puzzles posed by GR

short-distance
incompleteness

UV completion
at L > L_Planck ?



Theory-based approaches to GR deviations

Completions/extensions of GR
« Historical » extensions:
Kaluza-Klein, Jordan-Fierz: dilaton-like scalar field
Cartan: torsion
Einstein:  

String theory: tree-level massless sector



Consequences of adding a scalar dof
Generic  EP violations

 from dilaton-like coupling

Weak-field deviations from 
composition-independent
coupling to T=T^mu_mu

two functions: potential V(phi), coupling a(phi)

field-dependent coupling



Stringent constraints on light scalar dof
From EP tests (Bergé et al’18)

From solar-system tests

More stringent constraints from
binary-pulsar strong-field+radiative tests

More general  2-derivative scalar-tensor
(Horndeski)

But



Naturalness of phenom-relevant GR deviations ???

Cosmological attractor 
(TD-Polyakov, TD-Piazza-Veneziano)

Chameleon effect of V(phi)
(Khoury-Weltman)

O(10^-18) EP tests would be the best probes



Can one expect to see GR deviations in GW observations 
of  BH coalescences ???

No-hair theorems in D=4 very much restrict possibilities
Few theories can predict hairy BHs. Interesting exceptions:

Gauss-Bonnet
Pontryagin

Length-squared coupling

Need

for LIGO-observable deviations:
both through \alpha_eff=O(1)
and through QNM modifications
(Sotiriou…,Yagi…,Yunes…, Julié-Berti,…)

However:  
classical causality PDE problems in strong fields (Pretorius…)
quantum causality constraints (Serra^2-Trincherini-Trombetta’22
à la Camanho-Edelstein-Maldacena-Zhiboedov + Caron-Huot, Arkani-Hamed…,Bern…,Bellazini,…)

Phenom. tests still interesting notably BH Love # 

( )



Other possible new signals
Ultra-light bosonic fields 
(e.g. Axion-like particles) 
and BH superradiance
Penrose process 
(review Berti-Cardoso-Pani’21)

Cosmic (super-)stringsl
(TD-Vilenkin’00,…BlancoPillado-Olum-Siemens’17)

GWs from phase transitions

Quantum-generated GWs from inflation in CMB (B modes)



TAKE HOME IMAGES


