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STARTING FROM 14 SEPT 2015:
GRAVITATIONAL WAVE (GW) DETECTIONS BY
TWO LIGO (+ VIRGO+KAGRA+...) GW DETECTORS

Test ®) | — M
Mass A 107 L — L1 ]
. | LIGO
I
e s | Hanford
= -22
] < [
> e \
~ = oy
10 |
L PR | " P . |
o v 20 100 1000
Frequency (Hz)
Power Beam
Recycling splitter - Ly = 4 km —
Pﬂ7 L]—[ LIGO
Laser 20w 100 kW Circulating Power |_|V| ngston
Source Test Test
: Mass Mass
Signal
Recycling ;
"W Photodetector
KAGRA

Virgo (IT)







LIGO-Virgo p>0.5 Events

(01-02-03a-03b; nov 2021)
90 events, incl.: 2 NS-NS: 3 NS-BH: 85 BH-BH

Masses In the Stellar Graveyard




LIGO Raw Data for First Binary Black Hole Events
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LIGO-Virgo data analysis

Various levels of search and analysis of signals:
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Online trigger searches:
CoherentWaveBurst Time-frequency

(Wilson, Meyer, Daubechies-Jaffard-Journe, Klimenko et al.)

Omicron-LALInference sine-Gaussians
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Matched-filter:

PyCBC (f-domain), gstLAL (t-domain) _

Offline data analysis: ? o | ’ww“

Generic transient searches I
Binary coalescence searches R

Here: focus on matched-filter definition

(crucial for high SNR, significance assessment, and parameter estimation)

Matched Filtering




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=52/m22 for m1+m2>

4Msun; + ~ 50 000 PN inspiralling templates for m1+m2< 4 Msun;

O2: ~ 325 000 EOB templates + 75 000 PN templates
Two types of templates:

: o 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
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Basics of Gravitational Waves

In linearized GR (Einstein 1916,1918): g,:,- = 5,']' + hzj

Two Transverse-Traceless (TT) tensor polarizations propagating at v=c

Lowest-order generation:
quadrupole formula
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Time(é)




Pioneering the GWs from coalescing compact binaries
Freeman Dyson 1963
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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



Gravitational Waves emitted by the Merger of two Black Holes
Buonanno-TD’2000
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Inspiral:
perturbative
computation

of higher-order
contributions
to E=H and F
(expansion in vA2/c/2
+ tidal polarizability
+ of NS)
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Late inspiral, « plunge » and merger:
first estimated by the Effective One-Body method (AB-TD 2000)
later confirmed and improved by using
numerical simulations (Pretorius...2005)
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Ringdown (BBH):

« Vibration modes »
of final BH (QNM);
perturbation
of BHs a la
Regge-Wheeler-Zerilli-
Teukolsky
+Vishveshwara




Perturbative
theory
of motion

Perturbative theory
of gravitational
radiation

Motion of
two BHs

Mathematical
Relativity

Resummation

EOB Numerical

Relativity

IMRPhenomD=Phen[EOB+NR]

M < 4Mg

PN (nonresummed)

EOB[NR]

ROM(EOB[NRY])
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Tools used for the 2-body pb
Post-Newtonian (PN) approximation (expansion in 1/c)
Post-Minkowskian (PM) approximation (expansion in G)

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
Effective One-Body (EOB) Approach

Numerical Relativity (NR)

“ Effective Field Theory (EFT)

Quantum scattering amplitude —> classical PM approximation theory
aided by Double-Copy, « Feynman-integral Calculus », Experimental Mathematics, ...

“\_Tutti Frutti method
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Long History of the GR Problem of Motion

Einstein 1912 : geodesic principle — /m\/fhw dzt dz”

Einstein 1913-1916 post-Minkowskian G () = T + T (2) 5 Ty < 1

2 3

Einstein, Droste : post-Newtonian hiop = higg ~ ’0_2 . ”_3 Ooh ~ ~8;h
' C C (&

Weakly self-gravitating extended bodies:

V. T =0 ; T* =p v'u’ +pg" = V,u* = O(Vp)

7 Einstein-Grossmann 13,
1916 post-Newtonian: Droste, Lorentz, Einstein (visiting Leiden), De Sitter ;
Lorentz-Droste ‘17, Chazy ‘28, Levi-Civita '37 ....,

Eddington’ 21, ..., Lichnerowicz ‘39, Fock ‘39, Papapetrou ‘51,
... Dixon ‘64, Bailey-Israel 75, Ehlers-Rudolph ‘77....

W Difficulties at higher PN approximations ca.1970:
Chandrasekhar-Nutku’69, Chandraskhar-Esposito’70,
Burke’69-70,Thorne’69, Ohta-Okamura-Kimura-Hiida’'73



BASICS OF BLACK HOLES

1916 Schwarzschild (non rotating) Black Hole (BH) _ _
radial potential

2GM

c2r

As(r) =1

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

1939 Oppenheimer-Snyder « continued collapse »
1963 Kerr Rotating BH: M, S
1965 Doroshkevich, Zel’dovich, Novikov

1969 Penrose

ECLAIR

«— LUMINEUX

EMIS DEPUIS
LE CENTRE

temps

Horizon: cylindrical-like regular null ,
hyper-surface whose sectional area espace
IS nearly constant, and actually

slowly increasing (Christodoulou '70,
Christodoulou-Ruffini '71, Hawking '71)

ETOILE EN
EFFRONDREMENT

No hair property in D=4
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Challenge: Motion of Strongly Self-gravitating Bodies (NS, BH)
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Multi-chart approach to motion GLoshs CHaeT v
of strong-self-gravity bodies, o ( = ( /A J /
and matched asymptotic expansions L \ 7

[EIH °38], Manasse '63, Demianski- Yo

Grishchuk 74, D’Eath’75, Kates ’80, e \
Damour ‘82

Useful even for weakly self-gravitating bodies,
I.e.“relativistic celestial mechanics’, /
Brumberg-Kopeikin ‘89, Damour-Soffel-Xu ‘91-94 L

Combine two expansions in two charts: AL - I2=-g

9 (T) = Ny + Gh/(},/) () + G2h£&2,/) (2) + - Gap(z) = G(Oﬁ)( ) + G(lﬁ)( | PRE



Practical Techniques for Computing the Motion of Compact Bodies (NS or BH)
Skeletonization : ‘T#V — point-masses (Mathisson ‘31, Infeld’54,...)
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Perturbatively solving Einstein eqs: Post-Minkowskian or Post-Newtonian

(—g)l/Qg”’/ = p"*" 4+ h*Y with 0,h"" =0

N =-phva2 h*P 4+ In*Py ho*h - 20%hdPh - An*Pd, h,,0 H"P
+530%P0,hy 0 AHP + L3RV 0P Ry, - 9%HMVD, bl - OPRMVD,
+ 9, h**¥hl + 3, h* 3" hf (A16)



Post-Minkowskian expansion used to solve PN difficulties: \

Poincareé covariant retarded eqgs of motion

(Rosenblum’78,Westpfahl-Goller’79, Bel-Damour-Deruelle-Ibanez-Martin’81) /
=GI*+G*(I*+T{ +TF+I§+I'%) + O(G?)
(1)

P =m'p 2 (1 - 20°)A% - (1 +20* +dwA)v%)
(1)
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These eqgs of motion involve retarded gravitational interactions and

thereby contain both conservative and dissipative effects, as exhibited
by expanding them in a Post-Newtonian series in powers of 1/c (retardation)




2.5PN (1 /CA5) Eqs of Motion (pamour-Deruelie’s1, Damours?)
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Technical bottleneck of PM approach (at the time and, partly, still today):
computing spacetime integrals involving retarded propagators
and the nonlinear gravitational interactions of GR

2 PM 3 PM
1 loop 2 loop

Beyond 2.5PN : Separate Conservative and Radiation Damping Effects

Conservative Dynamics: use the post-Newtonian (PN) approximation method

Simpler to iterate instantaneou
Newtonian 1/r=1/Ix-yl potential 1/1x-yl

Radiation Damping: assume balance and compute radiation losses at infinity
using a Multipolar Post-Minkowskian (MPM) approach



State of the art for PN dynamics

* 1PN (including v2/c?) [Lorentz-Droste '17], Einstein-Infeld-Hoff '38 _
(including v4/c?) [Lorentz-Droste "17], Einstein-Infe an ~" . First complete 2PN

_ and 2.5PN dynamics
obtained by using 2PM (G"2)
EOM of Bel et al.’81

« 2PN (inc. v#/c*) Ohta-Okamura-Kimura-Hiida ‘74, Damour-
Damour '82, Schafer 85, Kopeikin ‘85

« 2.5 PN (inc. v°/c®) Damour-Deruelle ‘81, Damour ','chéfer '85,

LO-radiation-reaction Kopeikin ‘85

* 3 PN (inc. v6/c®) Jaranowski-Schafer ‘98, Blanchet-Faye ‘00,
Damour-Jaranowski-Schafer ‘01, Itoh-Futamase ‘03,
Blanchet-Damour-Esposito-Farese’ 04, Foffa-Sturani ‘11

* 3.5 PN (inc. v’ /c’) lyer-Will ‘93, Jaranowski-Schéafer ‘97, Pati-Will ‘02,
Konigsdorffer-Faye-Schafer ‘03, Nissanke-Blanchet ‘05, Itoh ‘09

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

New feature at G*4/c”8 (4PN and 4PM) : non-locality in time (linked to IR 2
divergences of formal PN-expansion) (Blanchet, TD '88) & N P/ AMOAMNNY

+ 5PN (inc. v19/c'%and G”6) Bini-Damour-Geralico’19: complete modulo two * h

+ numerical parameters; Bluemlein et al’21: potential-graviton contrib. and & »
- partial determination of radiation-graviton contrib. used QGRAF to generate = 4
545812 4-loop diagrams, and 332020 5-loop diagrams

»+ 6PN (inc. v'?2/c'? and G*7) Bini-Damour-Geralico’20: complete modulo four &
- additional parameters f
soft (radiation) gravitons
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,....



2-body Taylor-expanded N + 1PN + 2PN Hamiltonian
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2-body Taylor-expanded 3PN Hamiltonian [DJS 01]
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2-body Taylor-expanded 4PN Hamiltonian [DJs, 2014, Js 2015]
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Perturbative Theory of the Generation of Gravitational Radiation

Einstein 16, ’18 (+ Landau-Lifshitz 41, and Fock '55) : h,, h, 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-lyer 91,
Blanchet '95 ‘98
Combines multipole exp. ,
Post Minkowkian exp.,
analytic continuation,
and PN matching




MULTIPOLAR POST-MINKOWSKIAN FORMALISM Gcuancrer-oamour-iver)

VS,

&

e
U

NN

Decomposition of space-time in
various overlapping regions:
1. near-zone: r << lambda : PN
2. exterior zone: r >>r_source: MPM
3. far wave-zone: Bondi-type expansion
then matching between the zones

c in exterior zone, iterative solution of Einstein’s

vacuum field equations by means of a double
expansion in non-linearity and in multipoles, with
crucial use of analytic continuation (complex B) for
dealing with formal UV divergences at r=0

g=n+Ghi+G?ha + G’hs + ...,

Ohy = 0, STF tensors encoding

Ohy = d0h1ha, / multipole moments
[hs = 00h1h1h1 + 00h1ho,

hl _ Za’il’i2,,,’i£ (Mhm...ie (t - )) 4 96.. .0 (€j1j2k5kj3...je (t - 7O/C)) 7

r (-

. o mass-type and spin%type
multipole moments

The PN-matched MPM formalism has allowed to compute
the GW emission to very high accuracy (Blanchet et al)
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Link radiative multipoles <-> source variables

(Blanchet-Damour '89°92, Damour-lyer'91, Blanchet '95...)

(2) 2GM —/+°C ’ (4) _ ﬂ E .
M’ (U) + = dr M;;’(U —7) |In or == 12 tail
+oc .
- (G2 / dr MEU - MG, (U - ) memory
radiative c T

: 1
OIMjy + —EapMY)

3 j)asb} s

guadrupole
seen at

-.Instant.

OMD 4 Iy

2. @) (2
— —MY'M a(i™j)a T 7 ali

d
77 Tafi j)a,-?‘\fI

infinity 20G2M2 [+
N ) (1 2 [ €T 5_7 cT 124627 . i
+ CG A dT ‘\Izg (U T) lln (27,0) + 70 ln (27,0) + 44100 *“Mta”'()f'ta”
1
. (_) .
Z FOO L Fu
4G 2 1)¢(1) 1 = 3
Mij =Ly = - [WOL; -WOL | + o ( 5 |
integral over ,-’:Oz
effective sourcem.___ | 21 = e
TR 4(21 +1) ()
c2(l+1)(20+3) L Zz) ~ T tautrmunu
2(21 + 1) . (2)} hides
+ OS2 L 207 p(x,u + 2|x|/c), (85)
A(l+1)(1+2)(20+5) L% x|/e) nonlinear
2l + 1 effects

1
. & -~ 1
Jr(u) = FP/alr‘x/_1 dzEab(-i!{(slmL—l)aZb T2+ 2)2 +3)61+1mL—1)ac2z(;c)}(xa + z[x|/c).




Perturbative (3.5PN) GW flux from (circular) binary system

. lowest order : Einstein 1918 Peters-Mathews 63
* 1 + (v2/c2) : Wagoner-Will 76

* ... + (v3/cd) : Blanchet-Damour 92, Wiseman 93 mM1M9

* ... + (v4/c4) : Blanchet-Damour-lyer Will-Wiseman 95 ) —

* ... + (vV5/c5) : Blanchet 96 (m1 + mo)?
* ... + (v6/cf) : Blanchet-Damour-Esposito-Farese-lyer 2004

* ... + (v7/c7) : Blanchet

- ... + most of (v8/c8) : Blanchet et al (@)2 (G(m1 n m2)9>§ (’NG(ml +mg)f
T = — p— p—

c3

F = - .’1/2.1"7’ 14| — =
5G { 336

/////' ( 44711 9271 65 o) , ( 8191 583
5 il M o ) S e S [ T = 941/

9072 ' 504 18 672

LO

quadrupole [(3(’543739519 16 , 1712 856

—T° — Vi — In(16 z
69854400 3 105 TE ~ g5 0{162)
3

13454. 41 . 94403 . TS5 .
+ | — T vV — ey A —_
776 3024 324

16285 214745 193385 . . |
3.5PN + (_ : + — 4+ )1/2> ',7,'1-‘/2 + O (_

radiation

504 4 3024 S

G

4PN still incomplete



Analytical GW Templates for BBH Coalescences ?
PN corrections to Einstein’s quadrupole frequency « chirping »
from PN-improved balance equation dE(f)/dt = - F(f)

1
d¢ _ w? _ QN@ v 7G(my +ma)f\?
din f  dw/dt w e 3
5¢” A~ v 2 v\ 3 mims
N p— ° p— —_ — « o o V —
e 48Vv5’Qw 1+02(c) —I_CB(c) + (M + mg)?
Cutler et al. '93: ® IBBH
« slow convergence of PN » % o é
Brady-Creighton-Thorne’98: . ®
« inability of current computational H02!- n
techniques to evolve a BBH through its last Avaﬁ%ﬁgﬁvﬂvﬂvﬂvﬂ‘ 7 ﬁ\vf\vnv_fa.
~10 orbits of inspiral » and to compute the | . r/ J \ \j time
merger

)
S ve Foe# -
RESTRICTER WA MATHING TO LEAST-DAMPED

Damour-lyer-Sathyaprakash’98: het) {(\; s 2. PL Grom ot 12z %
. Vo ® , . N S wire B = ko
use resummation methods for E and F 0z | o P(g—;—a!\ 1 (" 5 2 S
. - AT T2e {V-dErennzy)

0.12 Liswi-pin G

|/ Herege
1 ". +Rm§$—)owh
", i

Buonanno-Damour "99-00:
novel, resummed approach:

L f\ 4
0.02 i

h(t)

Effective-One-Body M
analytical formalism O -+
€;j-LSO v=1/4

@E-LSO
-0.38 { »coJT <O
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Effective One Body (EOB) Method

Buonanno-Damour 1999, 2000; Damour-Jaranowski-Schaefer 2000; Damour 2001 (SEOB)
[developed by: Barausse, Bini, Buonanno, Damour, Jaranowski, Nagar, Pan, Schaefer, Taracchini, ...]

Resummation of perturbative PN results ——> approximate description of the merger
+ addition of ringdown (Vishveshwara 70, Davis-Ruffini-Tiomno 1972) [+ CLAP (Price-

- )
Pullin’94)] Buonanno-Damour 2000
2 T T T T T Ty )
] < ve Form -
) rzeyrucfep WA VE Mp.TCHWG TO LEAST-DAMPED
—==- p=LSO v=1/4 j hit) = vF e 200 GroAst - NORVAL - 1035 OF
15t b PRV ;3 A KeERR gu Light vz
! T d{P) S T —— T AN TR witk B = € f— !
1 M ’.l = jf{“}'-‘j
. 0.22 FZ B ?/pAL P‘ ORGE R F,/—‘_
10 B : 1 - AT TeE (V-)EFOLNL‘))
0.12 I L‘é)!‘l-ﬂl"o
R
5 ¥ - G-Dowh
1 0.02
/ -
/
» 0 \ ; = -0.08 [ 1
\ / = ]
/ 4 L 4
\ % p ; -0.18 | inspiral + plunge ]
Sr iy ] —-— merger + ring—down 1
* naive LSO
o -0.28 r B r-1LSO
10 d :j-Lso v=1/4
- E-LSO
-0.38 » w-LSO
-15 ™ ': 1 Lu POR S P U TS G S—
1 048 500 ~-100 0 100
/M
_m .......................................
-20 -15 -10 -5 0 5 10 15 20
X

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



EOB: resumming the dynamics of a two-body system (Im_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

M =mq + mo =" ) — 17772

mtme V=3 Gyt omg)?

ds2q = —A(r;v)dt* + B(r;v)dr® + r? (d(92 + sin? Hdgoz)




2-body Taylor-expanded N + 1PN + 2PN+ 3PN Hamiltonian

P
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41-1"PN (xa pu)
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EXpliCit 3PN EOB dynamiCS (Damour-Jaranowski-Schaefer '01)

post-geodesic effective mass-shell:

M1 M1 Ji )
112 | _— 112 _® Re
my + Mo

M =my +mo, /o — — =
: 43 f (my+mg)? M

3

r21/u




Spinning EOB effective Hamiltonian
Heff — Horb + HSO — Hgpop = MCQ\/l + 2v (I/jzg 1)

oo 1 (P +2r+ (n-x)?)
A = 1A(1+ B,p?+B,,(n-p)? - — : %0)% + Q4 ).
A (14 B2 + Bupln - - — s o E) () o + 0

H,=GL-S+GgL-S",

S=S; +S2:8, = 28, + g,
T 125

Gyrogravitomagnetic ratios (when neglecting spin2 effects)

3 27 51 21 3 1 23 39
rgGgN =2 — éuu — gup% + v <_ZU2 — 7up% + épf> + v? (—qu + gup,,% + gpf>

3 9 15 3 9 27 69 35 39 9 5
3PN _ 9 J 19 9 9 Ja) 4l o 0J o 99 4 99 2 J 2 9 4
Gy = 5~ gY 8pr+l/( ke 4pr> 6l + 16upr+ 16pr+u< 1Y 4up,,,+ 2pr)
57 45 4>

+v? —iu2 + —up; + —p
16 16 " 16736



Resummed EOB waveform
(Damour-lyer-Sathyaprakash ’98) Damour-Nagar '07, Damour-lyer -Nagar 08, Pan et al. ‘10

_ (N €)7 (€)1 NQC
— h h h NB: T_Im
resums an
infinite number
h(e) S(G)T me?,(ng Pom of terms and
already contains,

' - 2 , 4.5PN tail’3
_ i 2ik) 4 2ik In(2kro) | o5 A

TEm — e e erms

F(f -+ 1) (Messina-Nagar17)

e 1)) ( 551 43 ) ( 195837 330250 20555
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dp,. AN'? 0 Hgop
dt B or
_ dv _ 9Huos A B e Al
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2
1r . -
< 0f i
-1F .
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f = T m . sec .
EOB insplunge ringdow
a2 2 L BB = (1, — )b D) + 0t — b
ringdown - 4+ — t—t.,,
P (1) =) CReonttm) -
First complete waveforms for BBH coalescences: ¥ _

analytical EOB (Buonanno-Damour’00,Buonanno-Chen-Damour’05) o

After the 2005 NR breakthrough (rretorius,...) s
development of the NR-completed EOB waveforms

inspiral merger ingdown
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Numerical Relativity (NR)

Mathematical foundations :

Darmois 27, Lichnerowicz 43, Choquet-Bruhat 52-,
new hyperbolic formulations of Einstein’s egs,...

Breakthrough:

Pretorius 2005 generalized harmonic coordinates,

constraint damping, excision
Moving punctures:

Campanelli-Lousto-Maronetti-Zlochover 2006
Baker-Centrella-Choi-Koppitz-van Meter 2006

N PIN NN S N PP N R T ]
o R
|
©
<
o
0
o
-
©
=
"3 —2 | —r=25M, t/M, =
::_*'/ e P=50M,, t/My—30
O " -~ r=75M,, t/Mo—SO—ZBL i
- - —- r=100M,, t/M,~30-28-27 -
R B | Y I (N l
0 100 200 300

t/M,

0.005 - r’\
. | {\ — M/15 (real)
N | \ M/21 ) -
0003 o [\ | ] \ (fea)
| & Y\ [} ,/\" M/27 (real)
/ N ‘ | ' 451
001 + / \ JILY /) I
' —— y. | “ ] | 1 f .‘ ‘l ‘\W\—m
I\ ‘l '] ! 1 | " \ “' " F -
-0.001 J VALY .\V\’ — M/15 (imag)
- \ .{.‘ f \ \ / —— M/21 (imag)
-0.003 + \ } \ |/ M/27 (imag) °
- W
-0.005 . . . : ”
20 40 60 80 100
T T 4
N MI24_ 1, =20M
fT ;3 M/24, 1, =90M
|.: l‘.\"il Ii .31‘ |\'.:/:4':|l\ (T=10M)
. M ) ~
= VR B
/9 s 1 ] F -\
/ ". il ;! \ I % o
wtt X E A \ BBV & oy
N ' ”
on o . i\ .
v ¥ '
\7
¥ 1
(_u':;'



The first EOB vs NR comparisons

Buonanno-Cook-Pretorius 2007

...... e I
— g“;;?%%g?“v(‘%s 77 - DAMOUR, NAGAR, DORBAND, POLLNEY, AND REZZOLLA PHYSICAL REVIEW D 77, 084017 (2008)
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FIG. 21 (color online). We compare the NR and EOB fre-
quency and Re|_,C,,] waveforms throughout the entire inspi-
ral—merger—ring-down evolution. The data refers to the d = 16
run.



SXS COLLABORATION NR CATALOG  -www.blackholes.org
(Mroué et al.’13, Boyle et al. '19)

The last version contains 2018 simulated waveforms
iIncluding 1426 spin-precessing configurations

Lo I . | W v N oas v N w3 I T I 'I e g '| sl v 20 I iy ' | RN l x.-.“ - | ilsl '-’i x>l we N i’ | N .y | o .‘I
'l 1 L 1 L 1 1
4 L » - < ' } v 2 (231 v vaid ¥ <

1‘*

1
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i
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L |
o ' I
s 1
Ry v T v

-:-d »H

1
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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,

NR waveforms play a crucial role for an accurate description of the merger,
and of large-spin effects. But they have limitations: number of orbits,
sampling of the multi-parameter space.


http://www.blackholes.org
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NR-completed resummed 5PN EOB radial A potential

(here Damour-Nagar-Bernuzzi '13, Nagar-et al '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/R and hu=m1 m2/(m1 + 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-Schéfer 14, Nagar-Damour-Reisswig-Pollney 15]

' . 94 41 .
Alu;v,af) = |Pslll —2u+2vu +v | — — —=n° | u*
3 32
4237 2275 221 41 , 64 e o] i
- | e — In(16¢*7u) | u®
eu + 1/_ o0 15" +( ; 327r>1/+5 n(16e u)}u
YT 2R < i
_ mamy 7004 144 4
v = (my +my)? 4+ v — 105 —+ = v Inu|u

[ agNttmed(v) = 81.38 — 1330.6 v + 3097.3 1

NR-caIirated 5PN contribution



EOB[NR]/ NR Comparison
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0\ Two orbiting point-masses: o
\. Resummed dynamics Ringing BH

Instantaneous GW power at coalescence ~ 10756 erg/s ~ 10A-3 c5/G




TEMPLATE BANKS USED FOR 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=52/m22 for m1+m2>
4Msun; + ~ 50 000 PN inspiralling templates for m1+m2< 4 Msun;

O2: ~ 325 000 EOB templates + 75 000 PN templates
| Two types of templates:
1.5 I

; ! < Bank of spinning EOB[NR] templates
05 %‘A (Taracchini et al. 14, Bohé et al'17) in ROM form

(Puerrer et al.’14); Nagar et al...
Bank of Phenom[EOB+NR] templates
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A glimpse of new analytical methods
under active development:

effective field theory,
tutti frutti,
classical and quantum scattering.



EFT approach (Goldberger-Rothstein’06, Goldberger-Ros,Porto, Levi,Foffa-Sturani,Bluemlein..

separating scales: r_s << r << lambda

{ e } Equivalent
( ,M/Q > A to usual
Finite size / '-._: pointlike defects methods
[ &R uv J (with some
< va;:o:/; > technical

[“NRGR” } + differences)

g~ 1/
{ Rgggohi J> Similar but
— A different from
MPM method

iIntegrating out the
potential graviton modes

exp[iSNRGR[xa’ h]] = jDHpvexp[lS[h- + H, xa] + iSGF]:

Use QFT methods and codes  swi=-{ [ d|E+ Lol ) S (AP 56,0, + T4 00p,.,) | |
p-space integration ~
method of regions
reached 5PN (with ambiguities)

1 . 1 .., 2 ..
/ [ Ehyy + ejkLh0]k+ Q'Jg,'j+60'}kg,-j‘k—3\]”3,‘]'+"'




SIXTH POST-NEWTONIAN LOCAL-IN-TIME DYNAMIC

6PN dynamics A Cora
uo.l.?..!l/O.l.zJ
complete at L0 L0 o0 Y01 002 4012
3PM and 4PM )
nearly completely " [,..° =~ 7 7
Tutti-Frutti strategy determined e N S A S
(Bini-TD-Geralico’20) 5 NN
uses analytical p"’\m«\ Q00 00 0 0 o0 0
knowledge from s T N N
PN, MPMand sf - Nonlocal-in-time 4 BN N N
Interaction Sl & N ¥ B @ s an e
GzM 4 ° ° \‘ AN \\
Snontoc X1(51),%2(52)] = o3 /dtPFerz(t)/c o "\\"\\m\\m e
dr _ p? ® o o0 ¢ W W w0 e
X —]:'SPIH t’tl ‘ b
/ |t— tjl lPN( ) . ‘2 co;.\ u?o_oo:o_>-

the irreducible information

h level (keyed by a power of
.JEach vertical column of dots

: G /1 1 'G.1. Schematic \’;-il of
fi%lll\t;(t, t') =3 (512))(2‘)1%)(1!) -+ Ton 2 Igi)c(t)lg?c(f) ntained, at gach post-Mi ko '
c 189¢ = GM/7), in the local dyham

16

+ 4@ JEz3b) (t) Jg,)(t’)) . (‘ an energy-dependent tiparamctrizing the scattering

\gle. The various columns §it  given post-Minkowskian level
wrrespond to increasing powgr

pf the symmetric mass-ratio v.
See text for details. '

recent EFT computations i

(Foffa-Sturani, Bluemlein et al) Self-force computation using BH perturbation
come close to completing (Regge-Wheeler-Zerilli) + Detweiler’s redshift
the 5PN dynamics +First-law BBH (LeTiec-Blanchet-Whiting’11y




Quantum Scattering Amplitudes and 2-body Dynamics

e Quantum Scattering Amplitudes —> Potential

SRRRARS one-graviton exchange :
—— >< <: '"< Corinaldesi 56 ‘71,

Barker-Gupta-Haracz 66,

a b c d Barker-O’Connell 70, Hiida-Okamura72
3/2 2 -4 1
Nonlinear: lwasaki 71 [First post-Newtonian approx.],
N Q W> Okamura-Ohta-Kimura-Hiida 73[2 PN]

. f . Amati-Ciafaloni-Veneziano 1987-2008

Ultra-High-Energy (s >> M_Planck?2)

Four-graviton Scattering at 2 loops
confirmed by

DiVecchia+'19

Eikonal phase \delta in D=4
with one- and two-loop corrections
using the Regge-Gribov approach

Modern techniques for amplitudes (generalized unitarity; double copy; method of regions;
IBPs; differential eqs; Bern, Dixon, Dunbar, Carrasco, Johansson, Cachazo et al., Bjerrum-Bohr et al.,

Cachazo-Guevara,...) can be used (Damour '17CheungRothsteinSolon’18) to improve the

classical 2-body dynamics: need a quantum/classical dictionary.

Many recent results: Bern et al; DiVecchia-Heissenberg-Russo-Veneziano,

Bjerrum-Bohr, Damgaard, Vanhove; Plefka et al, Riva-Vernizzi; Jakobsen, 50
Mogull, Manohar, Ridgway, Shen,...



Classical scattering perturbation theory

do_a - y‘ (xa)pab"
dp, 1
dO': = 7h ugaﬂ(xa)PaaPa/J’-

v /a
Apg, = /_:o do, dd[;‘:‘ )
- - % /_ :o do,0,9%(x,)PaaPap- g,;)rraovpi)tg;itr(])arll *H}L .
Apy, =2G / do\doyp1aP1p prelx =) = ("adﬂw ) ;"aﬂﬂw) =) r H.{;f
X Bﬂ'P"”;d”' (x1(01) — xz(Gz))Pza/lef’ ]

Approach initiated long ago: Rosenblum’78 Westpfahl’79,’85 Portilla’80 Bel et al.’81
limited by the technical difficulty of computing the integrals beyond G/2, ie at G*2=2-loop.
Recently developed to compete with quantum-scattering approach:
Kalin-Porto, Porto et al, Plefka et al, Dlapa-Kalin-Liu-Porto,...



Scattering Amplitudes and the Conservative Hamiltonian for Binary Systems
at Third Post-Minkowskian Order

Zvi Bern,' Clifford Cheung,” Radu Roiban,” Chia-Hsien Shen,' Mikhail P. Solon,” and Mao Zeng"
'Mani L. Bhaumik Institute for Theoretical Physics, University of California at Los Angeles, Los Angeles, California 90095, USA
*Walter Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, California 91125
*Institute for Gravitation and the Cosmos, Pennsylvania State University, University Park, Pennsylvania 16802, USA

tWO'IOOp *Institute for Theoretical Physics, ETH Ziirich, 8093 Ziirich, Switzerland
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level ® (Received 28 January 2019; published 24 May 2019)
G A3 We present the amplitude for classical scattering of gravitationally interacting massive scalars at third

post-Minkowskian order. Our approach hamesses powerful tools from the modem amplitudes program
such as generalized unitarity and the double-copy construction, which relates gravity integrands to simpler
gauge-theory expressions. Adapting methods for integration and matching from effective field theory, we
extract the conservative Hamiltonian for compact spinless binaries at third post-Minkowskian order. The
resulting Hamiltonian is in complete agreement with corresponding terms in state-of-the-art expressions at
fourth post-Newtonian order as well as the probe limit at all orders in velocity. We also derive the scattering
angle at third post-Minkowskian order and find agreement with known results.
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2-loop diagrams a4t
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classical potential
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potential gravitons only
Scattering Amplitudes and Conservative Binary Dynamics at O(G?)

Zvi Bern,l Julio Parra-Mamnez 2 Radu R01ban Michael S. Ruf ~ ,4
Chia-Hsien Shen® Mlkhall P. Solon,' and Mao Zeng

"Mani T. Rhaumik Institute for Thpnrpnrnl Phvucire [nivercitv af California at I.ne Anoelec

three-loop .) 3 2 3 o ;

> - i
level W /\

G A 4 | 4 1 4
FIG. 2. Sample diagrams at O(G*). From left to right: a
contribution in the probe limit, a nonplanar diagram that contains

iteration terms, and a diagram that contains contributions related
to the tail effect.
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tail in Zvi Bern,! Julio Parra-Martinez,” Radu Roiban,® Michael S. Ruf,’
""’"‘-s_lnear-zone Chia-Hsien Shen,? Mikhail P. Solon,! and Mao Zeng® wmmgjwwuo
e Conservative Dynamics of Binary Systems at Fourth :WW.
M ‘ Post-Minkowskian Order in the Large-eccentricity Expansion 2
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soft (radiationlike) gravitons
Scattering Amplitudes, the Tail Effect, and Conservative Binary Dynamics at O(G*)

Christoph Dlapa,’ Gregor Kilin,! Zhengwen Liu,! and Rafael A. Porto!
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35 (1 — 1802 + 330%)

P __
Mi = 8(02—1) ’
Mi=ri+rlog(Z) +r arccosh(a) (3)
1 2 g 3 m ’
M4 = T4T +7'5K(TI)E(Z+%)+T K2(3+%)+T Ez(g+%)

ME™ =15 + g log (ZH) + rmé—larcc,:—fif + 711 log(o) + 712 log? (ZHL) + i3 —(—)arcc,:—jil" log (Z52) + 714 arc‘;%sfi(")

+T15Li2(1_Ta)+T16Li2(i;—Z)+T17\/;%_—1[Lig(— Zﬁ —Lig(‘/%'] .

12044 212077, 115917979
ra.dgrav,f 6
M, 75 Poo T 375 Poo T 793800 Poe _ _
_ 9823091209 115240251793703 subtleties linked
76839840 7> T 1038874636800 © o
| 4ITI8ST0667 1, | o to radiative effects
4155498547200 !

whose first three terms match the sixth PN order result
in Eq. (6.20) of Ref. [42). ‘ 54
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Conclusions

Analytical approaches to GW signals have played a crucial role (in conjunction with
Numerical Relativity simulations) for the detection, interpretation and parameter
estimation of coalescing binary systems (BBH and BNS). They will remain very
important for future GW detectors: second generation ground-based detectors, space
detectors, second generation ground-based detectors.

The development of new analytical approaches (EFT, classical or quantum scattering

approaches, Tutti-Frutti,...) has started to bring new results of interest for GW
detection and must be pursued vigorously.

Henri Poincareé

«ll n’y a pas de problemes résolus,
il y a seulement des problemes

plus ou moins résolus »

«There are no solved problems,
there are only

more or less solved problems »




