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Gravitational Waves in General Relativity (Einstein 1916,1918)

Gesamtsitzang vom 14, Februse 1918, — Mitteilung vom 31. Januar

Uber Gravitationswellen.

Von A. Exsteis.

(Vorgelegt am 31. Januar 1918 (s oben 8. 78]

l)ie wichtige Frage, wie die Ausbreitung der Gravitationsfelder er-
tolgt, ist schon vor anderthalb Jahren in einer Akademiearbeit von
wnir behandelt worden'. Da aber meine damalige Darstellung des Gegen-
standes nicht geniigend durchsichtig und auBerdem durch einen be-
dauerlichen Rechenfehler verunstalter ist, muB ich hier nochmals auf
die Angelegenheit, zuorfickkommen.

Wie damals heschriinke ich mich anch hier auf’ den Fall, daf
(das betrachtete zeitvfinmliche Kontinuum sich von einem »galileischen «
nur sehr wenig unterscheidet. Um far alle Indizes

Yur = —8,,+ %, (1)
setzen zu konnen, wihlen wir, wie ¢s in der spezicllen Relativitiies-
theorle fiblich ist, die Zeitvariable x, rein imaginir, indem wir
w, =it
setzen, wobei { die »Lichtzeits bedeutet. In (1) ist 8, =1 bzw. ¢, =0,
je nachdem w ==y oder =7 ist. Die v,, sind gegen 1 kleine Grofen,
welehe die Abweichung des Kontinuums vom feldfreion darstellen;
sie bilden einen Tensor vom zweiten Range gegeniiber Lonenyz-Trans-
formationen.
§ 1. Losung der Naherungsgleichungen des Gravitations-
feldes durch retardierte Potentiale,

Wir gehen aus von den fiir cin beliebiges Koordinatensystem

witltigen® Feldgleichungen

v O fur) . g J e < fua )
- +» - 4+ e
P\ =dxaf Sl EJla

s --x(jT_—- 0. I) " - _
i Diese Sitzongsber. 1916, S. 6881, g l:j — 6 l:]- + hl]

* Von dor Einfihrung des «3-(lledes« (vgl diese Sitzungsber. ro17, 8. 142) it

dobei Abstand genommen.

hij: transverse, traceless and
propagates at v=c




Gravitational Waves: pioneering their detection
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General Relativity and Gravitational Waves
(Interscience Publishers, NY, 1961)
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Gravitational Waves: two helicity states

Massless, two helicity states s=+2,
l.e. two Transverse-Traceless (TT) tensor polarizations propagating at v=c

hij = h+(xixj _yiyj)+ hx(xiyj + yl"xj)
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Binary Pulsar Tests |
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Binary Pulsar Tests Il

Binary pulsar data have confirmed with 10-3 accuracy:
» The reality of gravitational radiation

»Several strong-field aspects of General Relativity
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~02 (Which is close to CBH =0.5)

Usual star ﬁ# /9
General Relativity : \’

Einstein describes gravity as a deformation
of space-time around a massive object. Neutron star



LASER INTERFEROMETER GW DETECTORS
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LIGO-VIRGO SENSITIVITY CURVES

Best Stram Sensitivitics for the LIGO Interferometers (5 L
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Gravitational wave sources : need for templates

2G ..
hZJ = -04_7" ;I;T(t — T/C)

To extract GW signal from detector’s output (lost in broadband noise § (f) )

d
f O(f) femplafce(f)

(output|Niemplate) = / Sn% R

Detector’s output Template of expected GW signal

Aurig%

=)
-
/_____-—-—““1

8l
8
_

Strain [1/sqrt(Hz))
s|
/'_
O
.-
ol
Y

-
°|
2

Einstei
Telesc

-25 8

10




Gravitational waves from inspiralling binary system




The Problem of Motion in General Relativity

N 7

R,ul/ - §Rg,u,l/ — C—4T,u1/

.

eg. TW = (e+p)uu”+pg"”

and extract physical results, e.g.
 Lunar laser ranging
e timing of binary pulsars
« gravitational waves emitted by binary black holes
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The Problem of Motion in General Relativity (2)

¢+ post-Minkowskian (Einstein 1916) I () = M + Py (2) ey <1

2 3
« post-Newtonian (Droste 1916) hoo ~ hij ~ 2—2 , hoi ~ Z_d , Ooh ~ %@:h

Approximation |
Methods - Black hole perturbation : gravitational self-force

'« Numerical Relativity

One-chart versus Multi-chart approaches
Matching of asymptotic expansions body zone / near zone / wave zone

Coupling between Einstein field equations and equations of motion
(Bianchi = VT, =0 )

Strongly self-gravitating bodies : neutron stars or black holes : . (z) ~ 1

Skeletonization : T‘JV —> point-masses ? d-functions in GR

Multipolar Expansion

Need to go to very high orders of approximation
11

Use a “cocktail”: PM, PN, MPM, MAE, EFT, an. reg., dim. reg., ...



Diagrammatic expansion of the interaction Lagrangian

1S8,= O——=@ linear interaction of matter and fields
' SHol =50l + { } o—e-1 - é.\f/- %x }0_3{0] +0(o’)

2325“‘._. + =50[0']+(% )'(%v+%

. . e
2 x Kinetic term

of the fields vertex

._l_‘ .Y/‘ + (4 +%Z+F8+%H+§Z><Z) +0(s)
383= o+

FIG. 6. Diagrammatic expansion of the Fokker action (3.13).

48,= + o(0e?)
— Sdol=S)lo]+ (s D+ (3 V+ i D+ (3e+ 3 7+F+ 1 H
o(d°)
FIG. 4. Diagrammatic expression of the ®‘-linear terms of the + i‘X) +O(o”). (3.14)

total action (3.6), for i=1,2,3.4.

The most delicate term to compute would be the contribution where R,;.q is the Riemann curvature of y,,. This choice
due to the kinetic term of the fields in S,, because one must cancels the term of order ¢d¢de in Sy, ie., the "7
expand up to order o the two fields @ it involves. Fortu-

nately, one can avoid estimating this term by using the Euler

identity (3.12) to eliminate it from the Fokker action: I s I . é

SeHLa]=[(So+ S+ Sp+--+)

Q 9
— N
=2 (S51+285+3S3+ - ) ]o=are v \/ ”X‘gp C%%g
=S0+[%+ S — %53—54]‘].:(1.[1,]+()(trs). — 3 E + E

(3.13)

The result of inserting Fig. 5 into Eq. (3.13) is displayed in
Fig. 6. [The different diagrams have been drawn so that
angles appear only at the vertices involving matter sources.]
In the following, we will designate these diagrams by the
letter they most naturally evoke, so that the final result for

the Fokk;r action reads Fg — 2

—o;——o+

+0(c%) 1 2
FIG. 7. Expression of the diagrams of Fig. 6 when the graviton

and scalar propagators are represented respectively as curly and

FIG. 5. Equation (3.2a) satisfied by the field D). straight lines. . .
- ' e TD & G Esposito-Farése, 1996



Motion of two point masses

R
5 / PP WG / mar — G (ya)dy’: di

Dimensional continuation: D =4+¢, e € C
Dynamics : up to 4 loops, i.e. 4 PN

3PN (Jaranowski, Schafer 98, Blanchet, Faye 01
Damour, Jaranowski Schafer 0, Itoh, Futamase 03 '\’\'\,\, + oo 4
Blanchet, Damour, Esposito-Farése 04 Foffa, Sturani 11)

4PN & 5PN log terms (Damour 10, Blanchet et al 11)

4PN (Jaranowski & Schaefer 13, Foffa & Sturani 13,
Bini & Damour 13, Damour, Jaranowski & Schafer 14)

Radiation : up to 3.5 PN

Blanchet, lyer, Joguet, 02,
Blanchet, Damour, Esposito-Farése, lyer 04
Blanchet, Faye, lyer, Sinha 08
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2-body Taylor-expanded 3PN Hamiltonian [JS98, DJS00,01]
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2-body Taylor-expanded 4PN Hamiltonian [DJS, 2014]
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Taylor-expanded 3PN waveform

Blanchet,lyer, Joguet 02, Blanchet, Damour, Esposito-Farese, lyer 04, Kidder 07, Blanchet et al. 08
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Templates for GWs from BBH coalescence

(Brady, Craighton, Thorne 1998)
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Inspiral (PN methods)
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Binary black hole coalescence: Numerical Relativity

Image: AEI
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A catalog of 171 high-quality binary black-hole simulations for gravitational-wave
astronomy [arXiv: 1304.6077]

Abdul H. Mroué,! Mark A. Scheel,? Béla Szilagyi,? Harald P. Pfeiffer,! Michael Boyle,® Daniel A. Hemberger,?
Lawrence E. Kidder,? Geoffrey Lovelace,*? Sergei Ossokine,! Nicholas W. Taylor,? Amil Zenginoglu,? Luisa
T. Buchman,? Tony Chu,! Evan Foley,! Matthew Giesler, Robert Owen,® and Saul A. Teukolsky®
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FIG. 3: Waveforms from all simulations in the catalog. Shown here are h, (blue) and h, (red) in a sky direction parallel to
the initial orbital plane of each simulation. All plots have the same horizontal scale, with each tick representing a time interval

of 2000M, where M is the total mass.



NUMERICAL RELATIVITY WAVEFORM

Numerical Relativity: >= 2005 (Pretorius, Campanelli et al., Baker et al.)
Very accurate data: Caltech-Cornell spectral code (with some caveats): M. Scheel et al., 2008

Spectral code
Extrapolation (radius & resolution) Phase error: < 0.02 rad (inspiral) <0.1 ra (ringdown)
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WHAT DO WE NEED? BBHS!

]- — —
hy —ihs ==Y Pom —2Yem(0,9) h (m1,ma, 81, 55)

T

Im
" merger (1 BH forms)
“I' (quasi-adiabatic) inspiral: plunge 1
02 ol . (nonadiabatic) i
il 2 BHs, quasi-circular orbit ringdown
t/M merger

plunge

equal-mass BBH, aligned-spins

Wdown

X1 = Xo-—10.98

L 1 1 1 L it L L 1
6250 6300 6350 6400 6450 6500 6550 6600 6650

SXS (Simulating eXtreme Spacetimes) public data t/M



Importance of an analytical formalism

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

»Practical: need many thousands of accurate GW templates for
detection & data analysis;
need some “analytical” representation of waveform
templates as f(m,m,,S,,S,)

»Solution: synergy between analytical & numerical relativity

_/22
non perturbative information




An improved analytical approach

EFFECTIVE ONE BODY (EOB)

approach to the two-body problem

Buonanno,Damour 99

Buonanno,Damour 00

Damour, Jaranowski,Schafer 00

Damour 01, Buonanno, Chen, Damour 05,
Barausse, Buonanno, 10 ...

Damour, Nagar 07, Damour, lyer, Nagar 08

Buonanno, Cook, Pretorius 07, Buonanno, Pan, Taracchini,...

Damour, Nagar 10
Bini, Damour 13, Damour, Jaranowski, Schafer 15

(2 PN Hamiltonian)
(Rad.Reac. full waveform)
(3 PN Hamiltonian)

(

spin)

(factorized waveform)
(comparison to NR)
(tidal effects)

(4 PN Hamiltonian)
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Binary black hole coalescence: Analytical Relativity

H

03k Ui Merger time -
| | | | | | | I | | |

3800 3820 3840 3860 3880 3900 3920 3940 3%0 3980 4000

Inspiral + « plunge » Ringdown
e Two orbiting point-masses: Ringing BH

Resummed dynamics



Structure of EOB formalism

)

= S‘é})ngme’:‘s“" pﬁm

?

dr A\'? 8 Hgop
dt B dp,,

dp, AN oH .
Pr, . < ) EOB h?rrrngdown<t> = Z C]—f\}e—a]"'\’](t—tm)
F N

dt

dt B or
_de 0 Hron
oodt ap‘P , .
e
&:@' - EOB waveform

hEOB = H(tm = t)hinsplunge (t) = (9(?5 = tm)hringdown (t)

m m m



Real dynamics versus Effective dynamics

Real dynamics Effective dynamics

S — %

eff
G G? 9uv
1 loop
>< S = — / pds + . .
G3 G*
2 loops 3 loops

GQ G3 G4 1
c2 loh o c?

Effective metric

dstg = —A(r)dt® + B(r)dr® + r? (d6® + sin® 60dyp?) .



Two-body/EOB “correspondence”:
think guantum-mechanically (Wheeler)

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

Sommerfeld “Old

Quantum Mechanics”:

—n+1,0+1

an effective particle of
mass p in some effective
metric gmeff(M)

A A
Ereal geﬂ'
Mc? | .. e | .
—n+1,4 n+1,0+41 n+1,¢
n,l n,t

1wy

i OSeft OSeq
ot Oxn Hav

+0(p") =0

Figure 1: Sketch of the correspondence between the quantized energy levels of
the real and effective conservative dynamics. n denotes the ‘principal quantum

szhz%fpwdgo
N=nh= 71 4]
I, = 5= $p.dr

Hclassical(q’p)

Hclassical(la)

\ 4

Equantum ( Ia

neh) = f* [

gquantum
eff

(1" = nah)
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The EOB energy map

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

Simple energy map E . % %
eff
2M

an effective particle of
Mass p=m, m,/(m_ +m,) in
some effec;five

metric 9’ (M)

o 2
S = Ereal

Hpop = M\/ 1420 (ﬁleff _ 1)

M = my + mo
v = myms/(mi + msy)?
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Explicit form of the EOB effective Hamiltonian

The effective metric gWeff(M) at 3PN
ds?> = —A(r)dt*> + B(r)dr? + r’(d@? + sin’0d ¢?).

where the coefficients are a v-dependent “deformation” of the Schwarzschild ones:

Aszpn(R) =1 —2u+2v u3—|—a4v u? a4=9?4—;1—;7t2218-6879027
(A(R)B(R))3pn = 1 — 6vi® +2(3v — 26)vu’ u = GM/(c?)

Slmple effective Hamiltonian

2 4
n p Pr. 1/2
Hop = 4|pz + A(l + —;D + 23 ; ) Dy, = <é> D,

I r r B

crucial EOB “radial potential” A(r)

29



Radial A potential used today for NR

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,
Bini& Damour2013, DamourJaranowski&Schaefer 2014].

94 41
AR =1—2u+2vu® + (— = —7Tz> vu? 4+ v[al(v) + a Inulu® + v[ag(v) + o In u]u®

3 92
IPN 2PN 3PN 4PN 5PN

at = %

ag = ag, +vag,

o _ 4237 2275 , 256 128 4PN fully known ANALYTICALLY!
it e R e L

s HEaer=s

(l51 = _? =)= ﬁﬂ-

g b =004 142
a

6 =195 ~ 5 v 9PN logarithmic term (analytically known)

NEED ONE “effective” 5PN parameter from NR waveform data:  ag (V)

State- of-the art EOB potentlal (5PN-resummed)
Taylor C
A(u; v, ag) = P5 [A5SYN (u; v, ag)]



2-body Taylor-expanded 3PN Hamiltonian [JS98, DJS00,01]
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2-body Taylor-expanded 4PN Hamiltonian [DJS, 2014]
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The EOB[NR] radial potential

Effect of finite-mass-ratio corrections: less attractive potential

1

- ;lA(r; v = 0.25) [equal-mass case]
09F Schwarzschild: A(r;v =0)=1—-2M/r

A 4

e Years of analyticdl and numerical

= Mrk to get this strong-field differencel!
0.3r —
0.2

| ; ’ ! . ! . . ! . ! i ! : ! .
0 1 2 3 4 6 7 8 9 10

From (6 nonspinning) NR data sets dfie gets:
as(r) = 30973~ 1330.61 - 313504

Damour & Nagar 2'&4



Hamilton's equation + radiation reaction

11

/2 . ] I I I 3.8 [inspira
dr AN\Y? 0 Hgon ——py73 ol
—_— JR— _, 1.05F —p_{warphi} = 3.2 [LSO]
([t B () 1),,‘ N —Py- 2.8 [plunge]
1_
1/2  F
(1]},-* o A / o HEOB . ossp
— — ———————— . o
dt B or :.‘“* 09F
do oH T sl
O _ 1% _ EOB 0.85
dt %) Py 08F
0751

0.7

The system must lose mechanical angular momentum

Use PN-expanded result for GW angular momentum flux as a starting point.
Needs resummation to have a better behavior during late-inspiral and plunge.

PN calculations are done in the circular approximation Parameter-dependent

‘ EOB 1.* [DIS 1998, DN07]
32

rTaylor __ ) 5..4 pTaylor/, .
fc,o ——TI/Q 7wF (hp)

J Parameter -free:

EOB 2.0 [DIN 2008, DN09]
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EOB 2.0: new resummation procedures (DNO7, DIN 2008)

*Resummation of the waveform multipole by multipole

*Factorized waveform for any (I,m) at the highest available PN order (start from PN results of Blanchet et al.)

Next-to-Quasi-Circular

correction
(N) 7 NQC Newtonian x
hom = SRS FNC
remnant phase correction
7 (€) ~(€). 100m 0
/ 2",6‘-77;, — beﬂ‘ T 'm € e Pom remnant modulus correction:

I-th power of the (expanded) I-th root of f,
improves the behavior of PN corrections

The “Tail factor”

Effective source: 1), = r<( +1- 21’11)6 6‘21/~ log(2kro)
EOB (effective) energy (even-parity) o r<(g + 1)
Angular momentum (odd-parity)

resums an infinite number of leading logarithms in tail effects
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Radiation reaction: parameter-free resummation

N NQC
limax hom = hiNI RSO §NQ
1 Z Z ) , m em o
FSOE Q mQ ’Rhﬁm‘ A( ) ( )
€) __ 1O€7n
(=2 m=1 hg,m — S T tm¢€ 10 ‘m
, . 55 43 1958312  33025v 20555\
Paolziv) =1+ — - T+ — — — x~
ok 81 12 12336 21168 10584
106207450° 629206102 4172y 489939250 4928 1556919113\ .
+ _ — — + — - — eulerlog, () + —m—— ) &
30118464 3250872 192 9779616 105 : 122245200
0202 387216563023\ , (430877 | 1609453050467\ 5 o g
4 sulerlog. () — o srlog, () — -~ 4 R
5905 M erlog: (%) — TerranTT0080 55566 CLerlog: (%) — —aaarnastnn (")

® Different possible representations of the residual amplitude correction [Padé]
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EOB-NR: NONSPINNING BINARIES

Need calibration of high-order PN effects with NR data: q=1,2&4 TD&AN, et al. (2009)
A(u, as, ag;v) = Po AN (u;v) + vasu® + vagu®]

T T T T T T I
03f Numerical Relativity (Caltech-Cornell)
—EOB ((25 e O; (26=-20)
02
= 01
—_
o™
™~ 0
A
g _0.1 b
02 )
1:1 mass ratio
03
I ! I I I I I
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t
e

Di 03} i Merger time
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EOB-NR: NONSPINNING BINARIES

q=1,2,3,4 and 6 (Buonanno, Pan et al. 2011)
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ENERGY AND ANGULAR MOMENTUM IN
NONSPINNING BLACK-HOLE BINARIES: E(J)
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- - -3PN-Taylor
-0.04F —— EOBgdeb
| EOBgPiI;\if atic

Damour,Nagar,Pollney,Reisswig 2012
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0(x) and periastron advance in (comparable-mass)
Black Hole binaries (Le Tiec et al. 2011)
Ke=0=0/QF = (NR=01A (23

AW
Keos =\ | Dujag

1_190)

Ksk = m [ + 0("2)] .

where A, = dAp/du, and A = ApA), + 2u(A), )2 — uA pAlp

1.5

1.4

1.3

1.2

0.0E

0.mE

< E etV IR
S 0F —Wﬂfﬁf i ;_-:' .

1 1 1 1 1 L 1 ' 1 .l . . 1 1 . 1 1 1 1 1 1 1 1 ' | 1
0.01 0.02 0.03 0.02 0.025 0.03 0.035

FIG. 1: The periastron advance K of an equal mass black hole binary, in FIG. 2: Same as in Fig. [1] but for a mass ratio ¢ = 1/8. Note that for an
the limit of zero eccentricity, as a function of the orbital frequency Qg of orbital frequency mQ, ~ 0.03, coresponding to a separation r ~ 10m, the
the circular motion. The NR msults are indicated by the cyan-shaded region. periastron advance reaches half an orbit per radial period.

The PN and EOB results am valid at 3PN order. The lower panel shows the

relative difference 8K /K = (K — Kxgr ) /Kng.-

Since p(x) > 0 for all stable circular orbits, the &(g) GSF
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Strong-Field Scattering of Two Black Holes

(Damour, Guercilena, Hinder, Hopper, Nagar, Rezzolla 2014)
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EOB approach to the dynamics of two spinning black holes

Damour(01, Buonanno-Chen-Damour(06, Damour-Jaranowski-Schafer08,
Barausse&Buonanno10,Nagar1l,Barausse&Buonanno2011, Taracchini et al. 12,
Balmelli&]Jetzer2013, Pan et al. 2013

Nonspinning case: EOB description = deformation of test-particle dynamics in a
Schwarzschild background

Spinning case: EOB description = deformation of (spinning) test-particle dynamics in a
Kerr background

Deformation parameters:
] / M and “effective test spin” S*

Based on Hamiltonian formulation in the center of mass frame
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SPIN-ALIGNED WAVEFORMS
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Spin EOB formalism of Buonanno & al

Different EOB Hamiltonian [Barausse & Buonannoll, Taracchini et al.12]
Different choices for the analytic freedom (as well as spin gauge)

From Pan, Buonanno, Taracchini et al., 1307.6232
Taracchini, Buonanno et al., PRD 89, 061502 (R), 2014
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Spinning precessing black hole binaries
Pan, Buonanno, Taracchini & al 2014
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AND BNS
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M;j = paGij

BNS: EOS detection

- = = adv LIGO
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EOS detection by measuring the tidal polarization
coefficient: the Love number



Binary neutron stars: Tidal effects in EOB

e tidal extension of EOB formalism : non minimal worldline couplings

E v
nonmmlmdl ,UQ /dgA Pu R’u,ayﬁ) s

Damour, Esposito-Farese 96, Goldberger, Rothstein 06, Damour, Nagar 09

modification of EOB effective metric + ...
A(r) = A°r) + Abdel(y)
Ay = oSl tautasu®+.0 )+

plus tidal modifications of GW waveform & radiation reaction

»Need analytical theory for computing ‘LLz KZ as well as e
[FIanagan&Hlnderer 08, Hinderer et al 09, Damour&Nagar 09,10, Binnington&Poisson 1)9
Damour&Esposito- Farese10]

» Tidal polarizability parameters are measurable in late signals of Advanced-Ligo
[Damour, Nagar and Villain 12, Del Pozzo et al. 13 ] 48



Binary neutron stars: Tidal EOB [NR] potential

Bernuzzi, Nagar, Dietrich & Damour 2015
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Binary neutron stars: energetics

Bernuzzi, Nagar, Dietrich & Damour 2015

—3.0 X10_2 | | | |
—3.5}F
40| EOS :SLy C = 0.17 &} = 73.545
—4 .5}
5.0} — NR |
| —— TEOBgesum -
_gg i , @& mm=es TEOBNNLO :
—7.0 _'“ ) c/ e TPN .
_7.2 ><’.10—3 | | |
5 ® —— NR error |
.‘- x1073 —— TEOBRresum-NR
r § 1.2 L TEOBNNLO-NR |
3 ‘\ .
2
1
0




RC(DL h22 /

Numerical relativity reaching into post-Newtonian territory: a compact-object binary simulation
spanning 350 gravitational-wave cycles

Béla Szilagyi,'-? Jonathan Blackman,' Alessandra Buonanno,>* Andrea Taracchini,’
Harald P. Pfeiffer,>® Mark A. Scheel,! Tony Chu,”-3 Lawrence E. Kidder.® and Yi Pan®

(Dated: February 18, 2015)
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Conclusions

Experimentally, gravitational wave astronomy is about to start.

The ground-based network of detectors (LIGO/Virgo/GEQO!/...)

is being updated (ten-fold gain in sensitivity in a few years), and extended
(KAGRA, LIGO-India).

Numerical relativity : Recent breakthroughs (based on a “cocktail”

of ingredients : new formulations, constraint damping, punctures, ...)
allow one to have an accurate knowledge of nonperturbative aspects
of the two-body problem (both BBH, BNS and BHNS)

The Effective One-Body (EOB) method offers a way to upgrade the
results of traditional analytical approximation methods (PN and BH
perturbation theory) by using new resummation techniques and new
ways of combining approximation methods. EOB allows one to
analytically describe the FULL coalescence of BBH.

There exists a complementarity between Numerical Relativity and
Analytical Relativity, especially when using the particular resummation

of perturbative results defined by the Effective One Body formalism.

The NR- tuned EOB formalism is likely to be essential for computing 5
the many thousands of accurate GW templates needed for LIGO/Virgo/...



