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GW150914:	An	incredibly	small	signal	lost	in	the	noise	
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Two levels of signal search: 
1. time-frequency analysis (Wilson, Daubechies-
Jaffard-Journe, Klimenko et al.) 

2.  Wiener’s matched filter analysis (EOB[NR] 
and Phenom[EOB+NR]) 
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EFFECTIVE ONE BODY (EOB) FORMALISM
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Buonanno-Damour 99,00; Damour-Jaranowski-Schaefer 00; Damour 01; Damour-Iyer-
Nagar 08; after 2005: interfacing with NR: Buonnano et al. ; Damour-Nagar et al

•Blurred transition from inspiral to plunge 
•Final black-hole mass 
•Final black hole spin 
•Complete waveform
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Buonanno-Damour 2000



TWO-BODY/EOB “CORRESPONDENCE”: 
BREZIN-ITZYKSON-ZINN-JUSTIN + THINK QUANTUM-MECHANICALLY (J.A. WHEELER)
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1:1 map
(m1, m2)

µ =
m1m2

m1 + m2

ge�
µ⇥

Sommerfeld’s  
“Old Quantum Mechanics” 
(action-angle variables & 
  Delaunay Hamiltonian)
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1
2�

�
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N = n� = Ir + J

Ir =
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�
prdr

Real 2-body system 
(in the c.o.m. frame)

An effective particle 
in some effective metric

Hclassical(q, p) Equantum(Ia = nah) = f�1[Equantum
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EXPLICIT FORM OF THE 3PN EOB HAMILTONIAN
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EOB Hamiltonian

All functions are a   -dependent deformation of the Schwarzschild ones�

A(r) = 1� 2u + 2�u3 + a4�u4

u = GM/(c2R)

Ĥe� �

⇧⌅⌅⇤p2
r� + A(r)

�
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p2
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p4
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Contribution at 3PN

Simple effective Hamiltonian:

a4 =
94
3
� 41

32
�2 ⇥ 18.6879027

A(r)B(r) = 1� 6�u2 + 2(3� � 26)�u3

Crucial EOB radial potential
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POST-NEWTONIAN HAMILTONIAN (C.O.M)

q = q1 � q2

p = p1 = �p2
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...and 4PN too, [Damour, Jaranowski&Schaefer 2014/2015] - 4 loop calculation

Newton     (0PN)

(1PN, 1938)               - [Einstein-Infeld-Hoffman]      

(2PN, 1982/83)                 - [Damour-Deruelle]

(3PN, 2000)     - [Damour, Jaranowski,Schaefer]



The first EOB vs NR comparison 
Buonanno-Cook-Pretorius 2007



MAIN RADIAL RADIAL EOB POTENTIAL A(R)
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NR VS EOB[NR]
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non-spinning, equal masses



PN, EOB, NR, PHENOMD
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NR (FT): SXS:BBH:0066 (28 orbits)
EOB (SPA)
3.5PN
IMRPhenomD [Khan et al.]

� 	 


There generally exists a gap between PN and NR
Dimensionless « quality factor » of GW phase Q! = f2 d

2 (f)

df2
⇡ !2

!̇

Q! �QN
!



STRONG-FIELD SCATTERING OF TWO BLACK HOLES
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(Damour, Guercilena, Hinder, Hopper, Nagar, Rezzolla 2014) 
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(PERSONALLY-BIASSED) FUTURE PROSPECTS !
IN:!

 EOB THEORY + FUNDAMENTAL PHYSICS



PROBING THE NUCLEAR EOS FROM LATE!
INSPIRAL TIDAL EFFECTS IN NSNS OR BHNS
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Tidal extension of EOB (TEOB) [Damour-Nagar 09]

A(r) = A0
r + Atidal(r)

Atidal(r) = �⇥T
2 u6

�
1 + �̄1u + �̄2u

2 + . . .
⇥

+ . . .

TEOB[NR]  A(R) potential (Bernuzzi et al. 2015)



FUTURE PROSPECT 1:!
PROBING THE NUCLEAR EOS FROM LATE!

INSPIRAL TIDAL EFFECTS IN NSNS OR BHNS
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data analysis of  
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(Damour-Nagar-Villain 12;  
Del Pozzo et al 13; 
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EOB AND GSF
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Comparable-mass case:  

Gravitational Self-Force Theory : m1 << m2 

• Analytical high-PN results : Blanchet-Detweiler-LeTiec-Whiting ’10, 

Damour ’10, Blanchet et al ’10, LeTiec et al ’12, Bini-Damour ’13-15, 

Kavanagh-Ottewill-Wardell ’15 

• (gauge-invariant) Numerical results : Detweiler ’08, Barack-Sago ’09, 

Blanchet-Detweiler-LeTiec-Whiting ’10, Barack-Damour-Sago ’10, Shah-

Friedman-Keidl ’12, Dolan et al ’14, Nolan et al ’15, … 

• Analytical PN results from high-precision (hundreds to thousands of 

digits !) numerical results : Shah-Friedman-Whiting ’14, Johnson-McDaniel-

Shah-Whiting ’15  

m1 ⇠ m2



EOB, GSF AND 4PN
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ATaylor

5PN

= 1� 2u + 2�u3 +
✓

94
3
� 41

32
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◆
�u4 + �[ac

5

(�) + aln

5

lnu]u5 + �[ac
6

(�) + aln

6

lnu]u6

4PN analytically complete + 5PN logarithmic term in the A(u) function: 
[Damour 2009, Blanchet et al. 2010, Barack, Damour & Sago  2010, Le Tiec et al. 2011, Barausse et al. 2011,Akcay et al. 2012, 
 Jaranowski&Schaefer 2013, Bini& Damour2013, DamourJaranowski&Schaefer 2014].
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Recent GSF confirmations of ADM [Damour-Jaranowski-Schaefer 2014] 4PN dynamics
Damour-Jaranowski-Schaefer 2016 using several bridges (EOB, periastron precession, First Law BBH Dynamics [LeTiec-

Blanchet-Whiting 2012], order-reduction) and recent GSF results [vandeMeent-Shah2015; Bini-Damour-Geralico2016; 
Hopper-Kavanagh-Ottewill2016; Akcay-vandeMeent2016; vandeMeent2016;…

= 64.6405647571193……



FUTURE PROSPECTS 2
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GSF + EOB for LISA

GSF community working on 2SF  approximation, i.e. 

A(u) = 1� 2u+ ⌫a1(u) + ⌫2a2(u) +O(⌫3)

Fundamental physics challenges: 
!

understand remarkable cancellations in EOB A(u;nu) 
!

use recent mathematical understanding of high-loop Feynman amplitudes 
(Broadhurst-Kreimer, Bloch-Esnault-Kreimer-Deligne, Brown, Bloch-Vanhove, ….)



GSF : ANALYTICAL HIGH-PN RESULTS
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Bini-Damour 15 Kavanagh et al 15



FUTURE PROSPECT 3: !
GW BURSTS FROM COSMIC STRINGS IN LIGO/… AND LISA
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FUTURE PROSPECT 4:!
EQUIVALENCE PRINCIPLE VIOLATION
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Space mission MICROSCOPE: launched April 25, 2016

Microscope will test the 
universality of free fall 

at the 10^-15 level

Could discover the most probable modification of GR: 
an EP-violating scalar field or ``dilaton’’



A CITATION TO KEEP IN MIND
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«Our mistake is not the we take our theories too seriously,  
but that we do not take them seriously enough » 

Steven Weinberg



TESTS OF STRONG-FIELD GRAVITY
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Paradox: GWs from coalescing BBH is certainly 
a signal coming from a relativistic (v/c =1/2) and  

strong-field (GM/c^2r=1/2) regime,  
but it is not clear if it can detect interesting  

violations from GR

Issue: no primary scalar hair on BH

L =
1

16⇡G
(R� 2(@')2)

with two BHs  phi=constant is a solution  
(modulo cosmological gradients)



TESTING THEORIES
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Phenomenological (theory-independent) approach

e.g. Mercury’s periastron advance:  !̇

Comparing specific theories: 
e.g. Newtonian vs Einsteinian gravity

Theory-space approach:   
consider a multi-dimensional space of theories: 
e.g. tensor-scalar gravity with free parameters 

and/or free functions. 
Problem: scarcity of sound, well-motivated alternatives to GR. 
Lack of proof that currently considered alternative theories are  

theoretically, and phenomenologically, sound  
(Vainshtein mechanism ??; higher-derivative ghosts ??). 

Use of models containing unmotivated scales



BINARY-PULSAR TESTS OF STRONG-FIELD GRAVITY
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Phenomenological tests using the DD timing formula: 
Parametrized Post-Keplerian approach (Damour-Taylor 92)
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THEORY-DEPENDENT PULSAR TESTS 
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1. Using a two-parameter space of 
tensor-scalar theories to consistently  
gather limits on deviations from GR 
2. Thanks to spontaneous scalarization  
(Damour-Esposito-Farese93) one proves 
that pulsars probe possible large deviations from 
GR linked to the inner strong-field of NSs 
3. One can then compare the probing 
 power of pulsar vs GW tests 

Freire-Wex-Esposito-Farese et al.12

Damour-Esposito-Farese 98



TESTING STRONG-FIELD GRAVITY IN BBH ?
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I suggest two new possibilities:  
a new phenomenological one, and a new theory-dependent one

1: Parametrized EOB (PEOB) approach:
Use the analytical flexibility of EOB:  flex  some of the crucial EOB functions 

determining the complete EOB waveform (including ring down) by  
modifying them in the strong-field (u =O(1)) or relativistic (x=O(1)) domain
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Possibility 2: Consider BHs in  simplest String-inspired gravity 
Consider a 4-parameter, two-derivative deformation of BBH in GR

Here, A_mu is a « graviphoton » (Scherk), that could be coupled to dark 
matter, or to some shadow matter. Dimensionless parameters for « electric-

type charges » (assuming some type of charge separation during 
gravitational collapse; differently from the NS case: Q_NS=0):  

L[gµ⌫ ,', Aµ) =
1

16⇡G
(R� 2(@')2 � 1

4
eg'Fµ⌫F

µ⌫)

g; g0; q1 =
Q1

16⇡Gm1
; q2 =

Q2

16⇡Gm2

gobsµ⌫ = eg
0'gµ⌫

The scalar hair of each (isolated) BH is a function of  g, and q <~ 1. 
The 4 parameters will coherently and smoothly deform the dynamics, the radiation damping, the 

merger, the ringdown, and the observed waveform (adding a spin-0 polarization). By restricting the 
parameters to special sub-spaces one can explore the sensitivity of GW150914 to various consistent 

strong-field effects (e.g. q1 + q2=0 or not =0)



CONCLUSIONS (1)
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After the incredible excitement of observing the GW signal from the 
coalescence of two 30 M_sun  BHs, and before GW astronomy becomes a 

routine, continuous discovery of more of the same sources, it would be 
marvelous if Nature, and GWs, had more surprises in store, especially if they 

were related to the most fundamental aspects of physics, such as: 
!

GW bursts from cosmological-size (fundamental) strings 
!

Equivalence-Principle violation possibly related to the dilaton

Conceptually, one would very much like BH coalescences to open a window 
on new physics (quantum effects during horizon coalescence, e.g. if there is 
some truth in the firewall or fuzzball ideas), but it is not clear (in view of the 

very low-energy character of the process) if this can be the case. 



GWS AND THE A. EINSTEIN INSTITUTE (1)
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GWS AND THE A. EINSTEIN INSTITUTE (2)
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GWS AND THE A. EINSTEIN INSTITUTE (3)
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One should keep in mind the impact of the mathematical and  
quantum-related context to the discovery of GWs, e.g. 
!
1.the Time-Frequency transient-signal analysis fed itself on basic 
mathematical works by Yves Meyer, I Daubechies, S Jaffard, J L Journe, 
and on ideas by Kenneth Wilson 
!
2. the NR codes fed themselves, on the one side on mathematical ideas 
that originated, notably, in works of Choquet-Bruhat 1952, 
 Choquet-Bruhat-Ruggeri 1983,  H. Friedrich 1985, and on the other side, 
on the idea of « puncture »  which was invented by B. Bruegmann starting 
from his quantum-gravity analytical background 
!
3. Some of the  PN and EOB work stemmed out of inquiries from J. Ehlers, 
collaborations with B. Schmidt, and fed itself on quantum-related ideas  
(EOB correspondence, dim. reg.). 
It might further benefit from current progress on quantum string-theory-related, amplitude 
calculations (a la Theisen, Schlotterer, .)… 
!
4. Discovering BHs reinforces the challenge to understand the physics near space like 
(big-crunch) singularities, for which new ideas are being notably pursued at the AEI 
(Nicolai, Kleinschmidt,Fleig,…); deepening ideas that originated in work by J. Ehlers 


