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LIGO’s bank of search templates |
O1: 200 000 EOB + 50 000 PN LISA's templates

02: 325 000 EOB + 75 000 PN via EOB[SF] ?
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Analytical GW Templates for BBH Coalescences ?
PN corrections to Einstein’s quadrupole frequency « chirping »
from PN-improved balance equation dE(f)/dt = - F(f)
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Effective One Body (EOB) Method)

Buonanno-Damour 1999, 2000; Damour-Jaranowski-Schaefer 2000; Damour 2001 (SEOB)

Resummation of perturbative PN results — description of the coalescence

+ addition of ringdown (Vishveshwara 70, Davis-Ruffini-Tiomno 1972)

Buonanno-Damour 2000
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Predictions as early as 2000 :
continued transition, non adiabaticity, first complete waveform, final spin (OK within 10%), final mass
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First complete waveforms for BBH coalescences: analytical EOB
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EOB THEORY + EOB[NR] + EOB[SF] DEVELOPMENTS

Buonanno,Damour 99 (2 PN Hamiltonian)
Buonanno,Damour 00 (Rad.Reac. full waveform)
Damour, Jaranowski,Schafer 00 (3 PN Hamiltonian)
Damour 01, (spinning bodies)
Buonanno, Chen, Damour 05,

Damour-Jaranowski,Schafer 08, Barausse, Buonanno, 10, Nagar 11,

Balmelli-detzer 12, Taracchini et al 12,14, Damour,Nagar 14

Damour, Nagar 07, (factorized waveform)

Damour, lyer, Nagar 08,
Pan et al. 11

Damour, Nagar 10 (BNS tidal effects)
Bini-Damour-Faye 12
Bini, Damour 13, Damour, Jaranowski, Schafer 15 (4 PN Hamiltonian)

EOB vs NR and EOB[NR] Reduced Order Model version (Purrer 2014, 2016) of

Buonanno, Cook, Pretorius 07 -
’ ’ . ' EOB[NR] (Taracchini et al 2014
Buonanno, Pan, Taracchini 08- INRI( )
Damour-Nagar 08- Phenomenological model (Ajith et al 2007, Hannam et

al 2014, Husa et al 2016, Kahn et al 2016)

EOB vs SF and EOB[SF] of FFT of hybrids EOB + NR

Damour 09
Barack-Sago-Damour 10
Barausse-Buonanno-LeTiec 12
Akcay-Barack-Damour-Sago 12
Bini-Damour 13-16

LeTiec 15
Bini-Damour-Geralico 16
Hopper-Kavanagh-Ottewill 16
Akcay-vandeMeent 16

EOB vs PM
Damour 16



Real dynamics versus Effective dynamics

Real dynamics Effective dynamics
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TWO-BODY/EOB “CORRESPONDENCE":

THINK QUANTUM-MECHANICALLY (J.A. WHEELER)
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2-body Taylor-expanded N + 1PN + 2PN Hamiltonian
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2-body Taylor-expanded 3PN Hamiltonian [JS 98, DJS 01]
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2-body Taylor-expanded 4PN Hamiltonian [DJS, 2014]
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Resummed (non-spinning 4PN EOB interaction potentials
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Spinning EOB effective Hamiltonian
Heg = Hoy + Hyg — Hgop = MCQ\/l + 2v (Heﬁ 1)
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Resummed EOB waveform
(Damour-lyer-Sathyaprakash 1998) Damour-Nagar 2007, Damour-lyer -Nagar 2008
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STRUCTURE OF THE EOB FORMALISM
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NR-completed resummed 5PN EOB radial A potential

« We think, however, that a suitable ‘““numerically fitted”” and, if possible, “analytically extended”” EOB Hamiltonian
should be able to fit the needs of upcoming GW detectors. » (b 2001)

here Damour-Nagar-Bernuzzi 13, Nagar-etal ’16; alternative: Taracchini et al ’14, Bohe et al ‘17

4PN analytically complete + 5 PN logarithmic term in the A(u, nu) function,
With u=GM/Rand nu=ml1m2/(ml+ m2)*2

[Damour 09, Blanchet et al 10, Barack-Damour-Sago 10, Le Tiec et al 11, Barausse et al 11, Akcay et al 12, Bini-Damour 13,
Damour-Jaranowski-Schafer 14, Nagar-Damour-Reisswig-Pollney 15]
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3 32
GM | 4237 . 2275 221 41 . 64 ‘ -
Y= 2 + v|-— m° (— | 7r2> v+ — In(16e*7u) | u°
. e 60 | 512 6 ' 32 5 0 )
(i + ma)” ] 7004 144 N
+ v lag(v)|— ( | 1/) In u} u’
i 105 5
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MAIN RADIAL RADIAL EOB POTENTIAL A(R)

m1=m2 case
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Tidal extension of EOB (TEOB) [Damour-Nagar 09]

A(T) _ Ag + Atidal (T)
Atidal () —kau’ (L+aru+ asu’ +...) +...

TEOB[NR] A(R) potential (Bernuzzi et al. 2015)
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4 PN periastron precession and scattering

and EOB (DJS15, Bini-Damour17)
Technically convenient to use EOB:
Hamilton-Jacobi, use of EOB E_ eff,inclusion of spin terms, time-localization of tail action

First analytical computation of 4PN periastron precession (DJS15)
X(Ea La Sls SZ) - Xorb(Es L)
+xs, (E, L)S1 + xs, (Ea L)SZ
+0(spin?),

X(E: L) - XIOC(E: L) T Xtail(Es L) ;
Xioo(B, L) = x™(E, L) + 5x"™V(E, L)

1 ooy, o 1 ey =
SXEPV(E, L) + x PN (B, L)

! YNE LY+ 0 (—L) .

(:8 loc clO

——

-

. 1 4PNy, &
Xtail(bal’) - _X(4P\I)(Es L)a

C8 tail



EOB-NR waveform comparison

Buonanno-Cook-PretoriusQ7
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Energetics (Nagar-Damour-Reisswig-Polliney 16
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EOB AND GSF

Comparable-mass case: 71l1 ~ 1112

Gravitational Self-Force Theory : m, << m,

 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 Bini-Damour-Geralico’16, Hopper-Kavanagh-Ottewil’16

* (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, Akcay-van de Meent ‘16

 Analytical PN results from high-precision (hundreds to thousands of
digits !) numerical results : Shah-Friedman-Whiting 14, Johnson-McDaniel-
Shah-Whiting '15

'\’\f\,\‘q....




EOB, SF, EOB[SF], LISA &rc

Remarkable EOB fact about expansions in nu=m1m2/(m1+m2)/2: while

E (x.y)__uczx L (B v, (L2719 A\, (675, (34445 2057\ 1557 35°)
SAPNVHEI = 79 4712 8 ' 8 24 64 576 96 96 5184/

3969 /903722 123671 448
(_ 128 +( 1536 5760 ' 15 (275+1n(16x)))”
315722 498449\ , 3014 T4
- - - + . 5.5
! ( 576 3456 )” " 1728 ° 31104)x> (
94 417 22752 4237 128 256 4122 221\ , 64 -
_1_ 3 _ 4 _ <0 _ 2 , 9% 5
Alu)=1-2u+2vu +(3 %) )uu +(( 512 c0 "5 rEtTS 1n2)v+( n 6 )v + Svlnu)u,

Computation of 4PN O(nu) term in A from numerical (Barausse-Buonanno-LeTiec’12)
and analytical (Bini-Damour’13) SF computation;

Confirmation of all 4PN O(nu) terms of Damour-Jaranowski-Schaefer’14’15 from SF
computations (Barack-Damour-Sago, Bini-Damour-Geralico, van de Meent)

EOB[SF] program: improve the few EOB gauge-invariant potentials by SF-computing
(analytically or numerically) the contributions linear in nu. Recently implemented for
A, B, Q, gS, gS* (Bini,Damour,Geralico,Kavanagh,Akcay, van de Meent, Hopper,Wardell,Ottewill,...

Aim: define template banks for LISA



GSF : ANALYTICAL HIGH-PN RESULTS

Bini-Damour 15
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FIRST EOB GYROGRAVITOMAGNETIC RATIO FROM SF

Bini-Damour-Geralico’15
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EOB, PM, EFT, QFT and all that ,

Original EOB dictionary based on bound states. P2
New (equivalent) dictionary for scattering states:
applicable to the PM approximation (no restriction on v/c).

[Damour2016]
Zeff(geffaj) :Xreal(greala J) , \
1 2

Direct link between Feynman-like scattering diagrams and EOB Hamiltonian.

Different from the Feynman-like diagrams giving the Fokker-type
action in gravity [Damour-Esposito-Farese '96]

g=n+h
1
S(h,T) = / <§hDh+88hhh+ .. +(h+hh+ ..
h=-T+ .. =>h=GT+ ...

1
Scea(T) = ST GT +V5(GT,GT,GT) + ... l \\sf I
%‘ n K\{ + N 4 ..

O(G"5)=4PN

=4 loop

Recently (Damour-Jaranowski '17) corrected an error in the
EFT computation (by Foffa-Mastrolia-Sturani-Sturm’16)
of the above static 4-loop diagram.

O(G)= Newtonian O(G”"2)=1PN O(G"3)=2PN
+ (v/c)*n corrections =1 loop =2 loop



New results already at the 1PM order (linear in G)
Derivation of EOB energy map to all orders in v/c:

(‘c:real)2 — m% — m%

geff —

2(my + my)

to order G1, the relativistic dynamics of a two-body system (of masses m] , m2 ) is equivalent to the relativistic
dynamics of an effective test particle of mass W =m]m2/(m] 4+ m2) moving in a Schwarzschild metric of mass M =

mi+m2 i.e. the rather complicated 1PM Hamiltonian of Ledvinka-Schaefer-Bicak2010: with

m,m
Hlm Zma L _G Z T_b (7pa Py — (pa nab)(pb nab) - _G Z aa,b °
a.bi#a a,b#a
x {1+ ,pz - —G Z mamb) 1 2(2(pa Ps)” (PoDiba)” (6)
a.b#a Tab yba + 1 y

, . 1 . .
—2(pPansa) (Po'Mba ) (Pa'P )P: + (PaNiba) *Pyy — (PaPs)? pb) — 2[ P2 (PyNba)’
b

+ (PaMba ) (PoMba)? + 2(PaNba ) (PoMba ) (ParPy) + (ParPb)” — (pa'nba)zpﬁ]

+ [ — 3p2(PyMpa)’ + (PaNpa)* (PoNba)’ + 8(PaNpa) (Ps b ) (ParPs)

L L L L 1 L 1
2 2 22 ~ 2 _
- pip; — 3(PaNpa) Pb]yba ; Yba = — \/mg = (e py)” . m, = (m2+p2) 2

a a

is fully described by the EOB energy map applied to
GM GM
dsi, = —(1 —2—=)dt* + (1 +2——)dr* + r2dQ?

(A (A




TESTING THEORIES

Phenomenological (theory-independent) approach

e.g. Mercury’s periastron advance: w

Theory-space approach:
consider a multi-dimensional space of theories:
e.qg. tensor-scalar gravity with free parameters
and/or free functions.

Problem: scarcity of sound, well-motivated alternatives to GR,
predicting non-GR effects for BBH systems.
Standard tensor-scalar theories need NS to predict non-GR effects
Lack of proof that currently considered alternative theories are
theoretically, and phenomenologically, sound
(Vainshtein mechanism ?7; higher-derivative ghosts 7?).
Use of models containing unmotivated scales.

In addition, lack of complete theoretical derivations in most
alternative theories.



NEW PHENOMENOLOGICAL APPROACH TO
TESTING STRONG-FIELD GRAVITY IN BBH

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 =0O(1)) or relativistic (x=0(1)) domain
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Calculable theory-space alternative for BBH:
String-inspired gravity

Consider a 4-parameter, two-derivative deformation of BBH in GR

1 1 )
gzllis — 9 Spg’uy

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):

Q1 _ ()2
167Gmq’ 42 167Gmeo

9,95 q1 =

The scalar hair of each (isolated) BH is a function of g, and g <~ 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. g1 + g2=0 or not =0)



CONCLUSIONS

The EOB formalism led (in 2000) to the first quantitative predictions for the waveform, and physical
characteristics (notably final spin) of merging BBHs.

NR-completed EOB waveforms (in Reduced Order form) are being employed in LIGO/Virgo data
analyses [O1: 200 000 EOB templates, O2: 325 000 EOB templates] and, have played a central role in
the search, significance-assessment, parameter-estimation analyses, and GR tests of the GW
observations announced so far.

EOB waveform models have also been employed to build frequency-domain, phenomenological models
for the inspiral, merger, and ringdown stages of the BBH coalescence. [The latter models have also been
used to infer the properties and carry out tests of GR with GW observations.]

The EOB formalism has been extended to tidally interacting systems (BNS, NSBH)

The EOB formalism might also (after SF-completion) be an efficient way of defining accurate templates
for LISA.

Beyond its role in defining accurate waveform templates for GW detectors, the EOB formalism 1s also a
new way of describing both the dynamics and the GW radiation of compact binaries. It notably led to
accurate descriptions of: periastron precession, energetics [E(J) curve], and scattering of BBH.

EOB theory has also revealed several remarkably simple features (hidden in other formulations) of BBH
dynamics such as: linearity in nu=mI1m2/(m1+m2)A2 of A(u;nu) up to the 4PN level; validity of a
simple energy map to all orders in v/c

(Erea)” — mi — m3

£ . —
o 2(my + m;)
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