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Tools used for the GR 2-body pb

Post-Newtonian (PN) approximation (expansion in 1/c; ie vA2/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) a la Goldberger-Rothstein

Quantum scattering amplitude aided by Double-Copy, Generalized
Unitarity,« Feynman-integral Calculus » (IBP, DE, regions, reverse unitarity,...),
Kosower-Maybee-O’Connell, eikonal, exponentiated representation

+ Worldline QFT or Classical Worldline

Tutti Frutti method

LIGO’s bank of search templates
O1:200 000 EOB + 50 000 PN
02: 325 000 EOB + 75 000 PN
(+ phenom + surrogate templates)

LISA’s templates
via EOB[SF] ?

NR o~

PN (or
NRGR
T / R~ GM /e
R> GM/S ,

PM—EOB+ o

R>GM/c \

MPM

QFT, EFT WAQFT

Quantum (or Classical) Scattering
+ Bremsstrahlung waveform

BH mip << mse

perturbation

TF

Tutti-Frutti strategy
combining
PN,PM,MPM,SFEFT
within EOB
(Bini-TD-Geralico'19)




State of the art for PN dynamics

* 1PN (including v2/c2) [Lorentz-Droste '17], Einstein-Infeld-Hoffmann '38

7 First complete 2PN
and 2.5PN dynamics
obtained by using 2PM (G*2)
+ 2.5 PN (inc. v5/c5) Damour-Deruelle ‘81, Damour ‘82, Schafer '85, EOM of Bel et al."81
LO-radiation-reaction Kopeikin ‘85

* 2PN (inc. v4/c4) Ohta-Okamura-Kimura-Hiida ‘74, Dal
Damour '82, Schafer ‘85, Kopeikin ‘85

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

* 3.5 PN (inc. v7/c7) lyer-Will '93, Jaranowski-Schéafer ‘97, Pati-Will ‘02, ith
Koénigsdorffer-Faye-Schafer ‘03, Nissanke-Blanchet ‘05, Itoh ‘09 retarded
propagator

* 4PN (inc. v&/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
divergences of formal PN-expansion) (Blanchet, TD '88)

* 5PN (inc. v10/c0and G"GR Bini-Damour-Geralico’19: complete modulo two
- numerical parameters; Bluemlein et al’21: potential-graviton contrib. and
- partial determination of radiation-graviton contrib.

« 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,....

Perturbative computation of GW flux from binary system

soft (radiation) gravitons

* lowest order : Einstein 1918 Peters-Mathews 63

1 + (v2/c?) : Wagoner-Will 76 U= mims
* ... + (v3/c8) : Blanchet-Damour 92, Wiseman 93 (my 4+ mg)?
* ... + (v4/c#) : Blanchet-Damour-lyer Will-Wiseman 9 5 4
* ... +(v8/c5) : Blanchet 96 - (1))2 (G +me)Q\®  (7G(mi +ma)f
* ... + (v6/c®) : Blanchet-Damour-Esposito-Farése-lyer 2004 |~~~ \¢/ c3 - c3
* ...+ (v7/c7) : Blanchet
...+ (v8/c8) + (v /co) : Blanchet et al 2023
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The Effective One-Body (EOB) approach to the GW

signal emitted by the Merger of two Black Holes
Bugnanno-TD’2000

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

perturbation
inspiral + plunge of BHs a la N
—=— merger + ring-down Regge-Wheeler-Zerilli-
* naive LSO
028 "r-LSO Teukolsky
®/-LSO v1/4 +Vishveshwara
_038 @E-LSO
i » o-LSO
-0.48
~200 =100 0 100
Inspiral: M
perturbative
computation
of higher-order
contributions -
to E=H and F Late inspiral, « plunge » and merger:
(expansion in vA2/c”2 first estimated by the Effective One-Body method (AB-TD 2000)
+  tidal polarizability later confirmed and improved by using
b of NS) numerical simulations (Pretorius...2005)

From EOB vs NR to EOB-NR waveforms

Buonanno-Cook-Pretorius 2007  TD-Nagar-Dorband-
Poliney-Rezzolla 2008

= numerical relativity
—— 3.5PN-EOB y =008
—- Re ring-down EOB
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FIG. 21 (color online). We compare the NR and EOB fre-

lauency and Ref aveforms throughout the entre inspi-

ralmerger—ring.down evolution. The data refers to the d = 16




Effective One-Body (EOB) approach: H + Rad-Reac Force

Historically rooted in QM: Brezin-ltzykson-ZinnJustin’70 T T ~— 7

eikonal scattering amplitude+ Wheeler’s: Think quantum mechanically’ 1 + 0+ )(\
—_— P

Real 2-body system

(in the c.o.m. frame) An effective particle of mass mu in some etrective metric
— <] ,% lea "
G mi + mso —Q geff (X)
1 Ic(‘;op
>\< >< mass-shell constraint
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Level correspondence

in the semi-classical limit: /“\‘

Crucial energy map
Bohr-Sommerfeld ->

identification of = al
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EpriCit 4PN EOB dynamics (Damour-Jaranowski-Schaefer '14)

A simple, but crucial transformation between (greal)2 — m% - m%
the real energy and the effective one: geff = > ( T )
my my
A simple post-geodesic effective mass-shell:

mimsg mimsg
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Complete waveforms
for BBH coalescenceS:

o’ h 10°

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-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-Poliney 15]
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. . . . .
MAIN RADIAL EOB POTENTIAL A(T; ]/) Spl n nlng EOB effectlve Hamllton Ian
Damour’01,Damour-Jaranowski-Schaefer’08,Barausse-Buonanno’11, Taracchini etal’12,Damour-Nagar’14,.........
m1=m2 case [nu=m1 m2/(m1+m2)A2=1/4] _ ) Heg
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1 ] my ma
03 —
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Informing the EOB Hamiltonian with high-PN-order 1SF data (using LeTiec+...) Comparing second-order gravitational self-force, numerical relativity,
and effective one body waveforms from inspiralling, quasicircular,
and nonspinning black hole binaries
i . 2
Bini-Damour 15 A(U, V) - 1 - 2U + VCL(U) + O(V ) Kavanagh etal 15 Angelica Albertini 12 Alessandro Naga1',3'4 Adam Pound®,’ Niels Warburton ,6
Barry Wardell ,5 Leanne Durkan,6 and Jeremy Miller”
o 1860S478842060273 1619008 .\ 21339873214728097 s . ’
S PR . 1&3‘:1,“:%":’ . Comparing second-order gravitational self-force and effective one body
* Toosezzme lzjjfj;;gM’::;iL;x o ":‘I‘;‘x'ﬁ';“;;“ o ‘"‘%’w waveforms from inspiralling, quasicircular and nonspinning black hole
“ommrs " rssims © T asaots ")+ 7o binaries. II. The large-mass-ratio case
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Numerical GSF computation B - | Zalll ‘
of the O(nu) A(u;nu)-potential: oaf l ot
with singularity at u=1/3 001000 13002000 20030003500 4000000 a0 a0 S0 1m0 1500 2000 200 0 00 4000 400 a0 4200
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Quantum Scattering Amplitudes and 2-body Dynamics PHYSICAL REVIEW D 89, 081503®) (2014)
Strong-field scattering of two black holes: Numerics versus analytics

« Quantum Scattering Amplitudes —> Potential

one-graviton exchange : Thibault Damour,' Federico Guercilena, Tan Hinder,” Seth Hopper,” Alessandro Nagar,' and Luciano Rezzolla*?
Corinaldesi '56 ‘71,
Barker-Gupta-Haracz 66, af Cowon o \a
Barker-O’Connell 70, Hiida-Okamura72 0 o
3/2 '

uM

Nonlinear: lwasaki 71 [1PN], I S
Okamura-Ohta-Kimura-Hiida 73[2 PN] . "

Using modern amplitude techniques: Bjerrum-Bohr+..2003-

b = 10.0M b = 96M

Amati-Ciafaloni-Veneziano 1987-2008 Y c7/‘ ]
Ultra-High-Energy (s >> M_Planck2) P ST
Four-graviton Scattering at 2 loops .
Eikonal phase \delta in D=4 ] N
with one- and two-loop corrections using the Regge-Gribov approach 3sof |
S%nf'rm?djvg Satisfactory comparison wld
Fig. 3. The “H" diagram that provides the leading correction to the ikonal. 5 Gs ) LIR 6(2 2G2 1 % o ecc with 5PN|OQ EOB dynamics
T h b b2 b2 ( + —log(--)) + radiation-reaction contribution = *
Personally becorning aware of using Bini-TD’12's linear oo
the ACV_resuIt&_: in Parma 200_8’ Having so computed £ and J one might then, for in- response formula
plus discussions at IHES with stance, compare the EOB prediction for the scattering 150
Donoghue and Vanhove angle 6(£, J) (which follows from the EOB Hamiltonian) e
—> GSF and EOB (TD 2010): with GSF compu}atim}s qf 6 for a sample of values of £ and 1 9xeon 1 9ycons ool
scattering and zero-binding 7. We see that, in principle, we have access here to one 17 X*U(B,J) = T2 0E T2 aJ e
> N , function of two real variables, which is ample information L1 12 13 14 15 16 17 18
zoom-whirl orbit (Barack et al’19) for determining the functions entering the EOB formalism. T /ME

Reviving the PM Two-Body Dynamics Simple Map: Scattering angle <> EOB dynamics sn1o.aoaico20

(pioneered by Bertotti’56, Havas-Goldberg’62, Rosenblum’78, Westpfahl’79, Portilla’80, Bel et al.81)

using Classical and/or Quantum Two-Body Scattering % ¥ = O(Eyeq, J;m1,my, G) | ——p | 0= gigiP, P, + p* + Q.
Gravitational scattering, post-Minkowskian approximation,
TD 2016, 2017: d effecti body thy ‘
High-energy gr:l:'it:ti::alv:c-:lt:ttrm;an: l::lve general relativistic £ — (Ereat)? — m} —m3 @ == _P1-p2 1 — Gmimg
two-body problem tree-level eff — W 7 mimse ] J

A technique for translating the classical scattering function of two gravitationally interacting bodies into GM H

a corresponding (effective one-body) Hamiltonian description has been recently introduced [Phys. Rev. D

94, 104015 (2016)). Using this technique, we derive, for the first time, to second-order in Newton’s

constant (i.e. one classical loop) the Hamiltonian of two point masses having an arbitrary (possibly

relativistic) relative velocity. The resulting (second post-Minkowskian) Hamiltonian is found to have a 0ne.|oop

tame high-energy structure which we relate both to gravitational self-force studies of large mass-ratio GA2

binary systems, and to the ultra high-energy quantum scattering results of Amati, Ciafaloni and Veneziano.

‘We derive several consequences of our second post-Minkowskian Hamiltonian: (i) the need to use special

phase-space gauges to get a tame high-energy limit; and (i) predictions about a (rest: ind dent)

;((y,j)zz’“T(,”+2’“j—(2")+2’%+2’”j—gﬁ+o[%}

/ ~

linear Regge trajectory behavior of high- angular -momenta, high-energy circular orbits. Ways uf testing
these predictions by dedicated numerical si are indicated. We finally indicate a way to connect two.|00p 5 3
our classxcal results to the itational i litude of two particles, and we urge v GM GM
A A, = i — 4
amplitude experts to use their novel wchmqucs to compute the two-loop scattering amplitude of scalar G"3+GM ggff = Sc.hwarzschlld Q= ) (JZ(E ) + R q3 (E ) + O(G )
—

masses, from which one could deduce the third post-Minkowskian effective one-body Hamiltonian. metric M=m1+m2

Cheung-Rothstein-Solon 2018

From Scattering Amplitudes to Classical Potentials in the Post-Minkowskian Expansi Map obtained from classical scattering in EOB dynamics

We combine tools from effective field theory and generalized unitarity to construct a map between on- 4 2 Schw
shell scattering amplitudes and the classical potential for interacting spinless particles. For general @ =——(x2 — SchW) _ 429 -1 Schw X3 — X3
relativity, we obtain analytic expressions for the classical potential of a binary black hole system at second 2 X2 2 q3 = — 2 1 (X 2~ X2 ) 1
order in the gravitational constant and all orders in velocity. Our results exactly match all known results up one-l oop ™t = ’Y -
to fourth post-Newtonian order, and offer a simple check of future higher order calculations. By design, Gro 20

these methods should extend to higher orders in perturbation theory.




Quantum scattering amplitude in EOB potential
(TD 1710.10599: EOB energy-dependent potential Q(R,E) or W(R,E))

EOB nonrelativistic

Q (u, Eer) = W2ga(Eetr) +1 05 (Eur) +u*F (Eusr) + O(G?) potential

wripe) = P10 | w2 | ws() | we() scattering !
yPoo r r2 3 ré

A
—R2AP(x) = |p +—+—+—+O( )] ¢(x)

MOFT 87708 STCS pBoB _ pEFT

classical —

EFT Cheung-Rothstein-Solon 1808.02489, Bern et al'19
different EFT potential V(R,P”2) and with systematic methods for
taking the classical limit at the integrand level,
and extracting the « classical part » of the scattering amplitude

H(P,X) = \/m} + P2+ /m} + P2+ V(R,P?)

2\ _ CI(P) n202(P2) s¢3(P?) ..
V(R,P*) =G 7 B +G E +-
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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
*Institute for Theoretical Physics, ETH Ziirich, 8093 Ziirich, Switzerland

® (Received 28 January 2019; published 24 May 2019)

tWO'loop We present the amplitude for classical scattering of gravitationslly interacting massive scalars at third
post-Minkowskian order. Our approach hamesses powerful tools from the modem amplitudes program

level such as generalized unitarity and the double-copy construction, which relates gravity integrands to simpler
A gauge-theory expressions. Adapting methods for integration and matching from effective field theory, we
GA3 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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3PM computation (Bern-Cheung-Roiban-Shen-Solon-Zeng’19)

using a combination of techniques: generalized unitarity; BCJ double-copy; 2-loop amplitude of

quasi-classical diagrams; EFT transcription (Cheung-Rothstein-Solon’18);
resummation of PN-expanded integrals for potential-gravitons
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puzzling HE limits when compared to ACV and Akcay et al’12

1 cons v 73 4
QX = 2*_ + (12— 8111(27))]_*3 +O(G")
g™ ~ +8 ln(2’y) instead of a5V &~ +147

confirmations: 5PN (Bini-TD-Geralico'19); 6PN (Blimlein-Maier-Marquard-Schafer’20,

Bini-TD-Geralico’20); 3PM  (Cheung-Solon20, Kalin-Porto'20)
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Mass polynomiality structure in scattering (TD’20)

% = ¢"(xa) ey, RW — %Rg“" = 82GT™,

du, 1 -
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@ a=12 Vi

m, +0o
N T
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Apy, = -2Gmym, (10 20)2 b_; bl 2A,,.
vV (uyo - u)? =1 N

/Egynomial in Gm1/b and Gm2/b

) i 1 g s 8
conservative scattering case EX( ErgJ) =21 (7'_ v) +Zz(jj; v) +Zs(};_f3 v)
at G"n s
+m(}£v)+_”’

P R

n—1 — pY
h (}” 1/) n(y, 1/) o Pd(") (1/), polynomial in nu of degree [(n-1)/2]

OSF scattering gives access to full G*2 dynamics !
1SF scattering gives access to full G*3 and G4 conservative dynamics !
2SF scattering gives access to full G5 and G"6 conservative dynamics




SIXTH POST-NEWTONIAN LOCAL-IN-TIME DYNAMIC

Tutti-Frutti
G/M GA5 GA6 GA7
method 012.3,0123
u() V“ V(i,l l/“'l V(l.l? V"'"2 6PN
o conservative
dynamics

®e 900 ee0  ee0  ee0

complete at
¢o = e e« 3PMand 4PM

e 900 #0060  eeC

' . SR (o) malsa)] =
(Bini-TD-Geralico »° e Ta ee e w0 w0 e e ”
\ \ N x / s (8, 1)
'19,°20'21) SRR =7
g . \ N
combines Ploos s S o M o . 1
A > N li 3) 3)
PN P o e e \u\ ‘-o\ ‘-o\ oo e TIN(ET) = (5 L (1 () + g5
N N N 16
MPM oo a0 3 + sl )J“J(z/)).
E 0 B u u? u® ut u® u® u’ u®
FIG. 1. Schematic representation of the irreducible information
De I au nay contained, at each post-Minkowskian level (keyed by a power of
Self-Force u = GM/r), in the local dynamics. Each vertical column of dots
. describes the post-Newtonian expansion (keyed by powers of p?)
Scatterlng of an energy-dependent function parametrizing the scattering
. angle. The various columns at a given post-Minkowskian level
pl’Opel’tleS correspond to increasing powers of the symmetric mass-ratio v.

See text for details. 25

Conservative and Radiative Aspects of the Dynamics

selected 1PM
by Bern’s
i i . 1 1 1 1 1
iy P ~G(+ 5+ 35+ 5+ 5+ )t
of regions \ C c C
ed 1 1 1 1 1 1 1 1
+ (;4—*4—;4—*64—7—1—*84-:9—1—@)4-
1 1 1 1 1 1
3
/‘—I—G +f+6+7+8+09+CT0)+
1PN 7‘ YRR S A S
ZZSPTIG 76 B 78+:9+CT0)+
- +G5(1+1+1)+
rad reac 8 cd cto
Black: time-even and conservative +G° %
Red: time-odd and dissipative
Blue: nonlocal-in-time but decomposable A4PNA %
in conservative and dissipative (G"4,G i 5) 5PN
Purple: ambiguous in various ways ?? separation  g5me order as

well-defined F radreacr2!

Conservative vs Radiation-reacted
Classical Gravitational Scattering

Fokker-Wheeler-Feynman

conservative action using

G_sym=1/2(G_ret+Gadv)
=Re[G_F]=PV(1/p"2)

Radiation-reaction effects enter scattering at G"3/c”5 (Bini-TD"12)
8G® mim3

1 d _
XS
Radiation-reaction effects in scattering play a crucial role at high-energy

(DiVecchia-Heissenberg-Russo-Veneziano’20, TD’21, Hermann-Parra-Martinez-Ruf-Zeng’21,.... )
they resolve the O(G”3) puzzle of the discrepancy between the HE limit of
Amati-Ciafaloni-Veneziano’90(+ Ciafaloni-Colferai’14), and the G*3 result of Bern et al'19,20

24

Universality of ultra-relativistic gravitational scattering
from analytiCitylcrOSSing (D\'Vecch\a-Heissenberg-Russo-Veneziano 2008.12743)

_ultra-relativistic eikonal phase: (s, b) = dg(s,b) + da(s, )
Re(26,) = —Im(262) — —(V25 ) +0 (l gs)
f.'B R\ IR /‘
inite divergent

1 (SGNs)310gsl‘3(1 €)

200 1.1
___,_,_._.} ImA;" (s,b) ~ 160213 [ i + 3 +0(6)]

G352

4 N
Re(257) = — 5~

universality of HE result = ACV, thanks to radiative effects

+ explicit eikonal of m1,m2 in N=8 SUGRA —> chi_sugra

28




Radiation-reaction and angular momentum loss (Bini-TD'22)
at the second post-Minkowskian order
The linear-response formula assumes a balance between E and J GW-losses at infinity
and the mechanical E and J of the 2-body system. It also relies on usina the « standard »
Peters-DeWitt-Thorne formula for the GW J-flux: Jpd = ki / dudQ [fm@u Fio = 1010, farufun
which is valid only in the (instantaneous) c.m. frame 166G 2 g
of the system, and which crucially depends on the zero-frequency part of the waveform

Radiation-Reaction Contribution to the (transverse)
Classical Scattering Angle at G*3 (b 2010.01641)

Xtot — Xcons + Xrad

where, to first order in Rad-Reac, one has (Bini-TD’12)
, O(G*2)

£i(w.6.8)=Gf}(6,6)+ G (1.6,4) + 0(G*)

linear cons cons 7| [TD-Deruelle’d1]
rad 1 aX rad _ 1 6X rad
response | x"*¢(E,J) = ~9 8E E 2 67 ——J 0 This raises several subtle issues: Ashtekar et al’20, Veneziano-Vilkovisky'22, Riva-Vernizzi, Riva-Vernizzi-Wong'23
formula . h};T = M ( 5 Similarly to the resolution of the binary-pulsar « quadrupole controversy », it is useful to clarify
chi~cons=0(G""T) 0(G"3 \\w/ r r the physics by a direct EOM-based approach, fully within a retarded PM approach (Bini-TD’22)
\_/V gt = s [auan [fmauf]a — 30 fasdufa o .
- O(G73) _ £ Considering an auxiliary Fokker-Wheeler-Feynman-type
0(G"4) DeWitt'71, Thome'80 my S = Flglz(e) wa(e2)izon(0). wr()] - PM dynamics allows one to define

Kovacs-Thorne’77, Bel et al'81, ™
Westpfahl’8s Noether« conserved » quantities

1+v

A(v) = arctanh(v) = %m

1-v

16 2(31) —1
_16 172 28" 1)

A()

PSY (t1,7) = Pkm(flv‘[z) +Pml(7l 12 :_Zma/dfa 2% ‘/1+Zﬂdfad1bAub
Tl (e, 1) = T (21, 70) + T (71, 70). + ///dfudz,,dw\m +0(GY),

a<bec

Poincaré-covariant interaction terms
well-defined O(G”2) Noether-derived from the Fokker action

dz, M rad-reac force
3 dPlys = ZF';"(T“) 2 do + OM C ) . . . [P = 0(GP).
v 167 ACY . o Poincaré-covariant final results:

cons rady _ o —
9 (x + X)) =2 j + 3 43 X 29 dJ@;s:Z(zzfzr.(ra)—szﬁn(ra))%dHo(c?). P G e (0)Z(0)[(p ~p2) Abial +0(G?).
a 12

Lovad;, - v V2 2 4
2X (’Y’J)V) - +h2(’)’,1/)_]3(27 1) I('l))+O(G )

Scattering Amplitudes, the Tail Effect, and|Conservative Binary Dynamics at O(G*)

0O(G*3) momentum transfer (impulse) (Hermann-Parra-Martinez-Ruf-Zeng'21)
. tailin Zvi Bern,! Julio Parra-Martinez,2 Radu Roiban,® Michael S. Ruf,!

Chia-Hsien Shen,* Mikhail P. Solon,! and Mao Zeng®

Ap® G*Mw 2 W B2 1602 — 1 v wnear-zone
P11 cons = b3 ) b (o, v) 7 2 2 ( i i i
b Vo?-1 Tel | (02 -1) Conservative Dynamics of Binary Systems at Fourth
arcsinh, /2= Post-Minkowskian Order in the Large-eccentricity Expansion
4 5 g y Exp
— Vo (140'Z + 25) - 8v (4174 —120% — 3) —_—
3 0?2 —1 Christoph Dlapa,’ Gregor Kilin,' Zhengwen Liu,' and Rafael A. Porto!
G3M®v2 31 (202—1) (502-1) [ 1 1 N - .
Ap}l‘dc)om_ 3 — i - — 2% — 1)2(50% - 8 I 21 Lal 12,
a B3 2(02-1) m my ? O s 3 G‘M’uZJQ|7r M3+ v (4Mhlog (B) + MT + M5 e +/—"‘ L [
GENEH 4 g 4 7 2 v ’
T 755 ):2(‘10271)1(2‘7173) 2[ . ( )] e 12223 e Dz e 4 e
3 sinh, /2=t ¢ - —
apt® il 4 15(0) + f3° (a)% (o) = 200 = 5520° 4 300"~ 91207 4 31480° - 33360 + 1151 Mh=- w ,
Lred = “’ls Vo |b| 3 Vo2 -1 ! 821 ’ 8(c?—-1)
_ 30t 46000 15002 4 T67 5 3
file)= - 8VoT-1 - MG =ri+rlog (Tf) + 73 arccosh() (3)

Vor-1'
M§ =ran® 475 K(aﬂ) (d+1)+ThK2 Z;%)+T7E2(%),

o arcsinh v
+7r112[f1(a)+f2(0)105( ) + o) s ' ]} sy B0 410

MEE™ = g + 79 log (%) + T]Oarccc‘sh(al + 711 log(0) + 712 log (+) +m iarcmshggz log (”TH) tr arc;o'zs:]igv

O(G”3) radiated 4-momentum .
_” High-energy puzzle riLin (459) + o Lin(9) + iy ooy [ (—/25) — 1 (V/250))
_ GPmimduf +uh 4 3
AR = TR E(0) 1 0(GY) E(y) x vy et _ 12044 5 21077, 115917979 matches the 6PN
4 = 75 Poo T 3575 Poo T “7g3g00 Poe result of the
E(o) Fi(0)Hh(0) 1 ( >+ y )Uarcsmh 9823091209y 115240251793703[/1(; Tutti Frutti approach
22 = £1(0)+fo(o) log 3(0) —————— 76839840 7> © 1038874636800 > ini-D- ico’
Vor-1 _ 41118878065 1, (Bini-D-Geralico’21)
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see also: DiVecchia et al, Riva-Vernizzi’21,Bjerrum-Bohr-Plante-Vanhove-Damgaard, whose first three terms match the sixth BN order result

useful results concerning the waveform (using QFT integration methods)... 31 in Eq. (6.20) of Ref. [42]. 32




Radiative contributions to gravitational scattering

Donato Bini ,l 2 Thibault Damour ), 3 and Andrea Geralico®'
'Istituto per le Apphmzmm del Calcolo “M. Picone,” CNR, 1-00185 Rome, Italy
INFN Sezione di Roma Tre, 1-00146 Rome, Italy
*Institut des Hautes Etudes Scientifiques, 91440 Bures-sur-Yvette, France

® (Received 22 July 2021; accepted 1 September 2021; published 5 October 2021)

The linear-order effects of radiation-reaction on the classical scattering of two point masses, in general
relativity, are derived by a variation-of-constants method. Explicit expressions for the radiation-reaction
contributions to the changes of 4-momentum during scattering are given to linear order in the radiative losses
of energy, li and angular The polynomial dependence on the masses of the
4-momentum changes is shown to lead to nontrivial ideniifies relating the various radiative [osses. At order
G ourresults lead to a streamlined classical derivation of results recently derived within a quantum appmach
At order G* we compute the needed radiative losses to next-ts t-to-leading-order in the post
expansion, thereby reaching the absolute fourth and a half post-Newtonian level of accuracy in the
4-momentum changes. We also provide explicit expressions, at the absolute sixth post-Newtonian accuracy,
for the radiation-graviton contribution to conservative O(G*) scattering. At orders G* and G® we derive
explicit theoretical expressions for the last two hitherto undetermined parameters describing the fifth-post-

Newtonian dynamics. Our results at the fifth-post-Newtonian level confirm results of [Nucl. Phys. B965,
115352 (2021)] but exhibit some disagreements with results of [Phys. Rev. D 101, 064033 (2020)].

X. NONLINEAR RADIATION-REACTION @ = —Gm, X —Xp
CONTRIBUTIONS TO SCATTERING dr® ™
— € ? [Vi2 =3(viz mp2)np)
rad-reac force=0(G"2) . = 4 G*mym, T2
rr — 5 CS . 3
. 7r 3 A
rad-reac”2 =O(G”4) contribution to scattering ,l.lglweg'v (t) g _3b'

Radiation Reaction and Gravitational Waves at Fourth Post-Minkowskian Order

Christoqtl Dlaga .l Gregor Kﬁlin.' Zhengwen Liu 2 Jakob Neg{ _,?'_‘ a\;d Rafael A. Porto®' (PRL 10 March 2023)

confirmed by recent QFT computation

b Damgaard-Hansen-Plant’e-Vanhove'23
A(")pl _Cgb)_n“' ~ g"?uﬁ‘ g nsen e-Vanhove
G744 term b b a
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wWiol T 16017 a1 sVl |
Its PN expansion agrees with Bini-TD-Geralico’23 notably fof the nuA2 =O(RR”2) contribution.
Moreover, Bini-TD-Geralico’23 went beyond the linear-response formula by using balance+mass-polynomiality

Apa“ — Apcons +Aprrlm +Ap2',§'°“h"
the rad-reac’2
m ~ A
- lm P?ng,llz term and P*rad_x
2 —m

G* A
ApY Gt = Ap""“‘°dd + ?m%mgpg(?)qu, relation between

AplpG“ — Apn'lm—odd +

Strong-field scattering of two black holes:
Numerical relativity meets post-Minkowskian gravity

Thibault Damour®' and Piero Rettegno 23

. (PRD March 2023)
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Newtonianlike EOB radial potential
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Strong-field scattering of two spinning black holes: Numerical Relativity versus
post-MinKowskian gravity (Rettegno etal.’23)
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Higher-energy non-spinning: _RL N
- 1 -
Comparison between the EOB-4PM NR

effective potential V=L"2/r"2-w(r)

extracted from NR simulations + 5PM addition

and its EOB-PM equivalent =0 NR e = 1010, Ly = 1.150) 7
0
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In the spin-aligned case, one can transform® ' ’ : : ) “ ’
. 400 T T

the PM-expanded scattering angle : CIPM — 1PM ||
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PM waveform computation w#) = cc'ny, (w6, )
GM=1PM (linearized,Einstein 1918) stationary o< & (w)

LO (tree level) waveform A
G2=2PM: classical time-domain W(t,n): Kovacs-Thome 1977 . :
quantum-based: yields W(k,p1,p2,p3,p4)=W(k,p1,p2,91) | l i
Johansson-Ochirov’15, GoldbergerRidgway'17 ®
Luna-Nicholson-OConnellWhite'18 N L
Mougiakakos-Riva-Vernizzi’21,Bautista-Siemonsen’22 R ="

Recent NLO (one-loop) waveform ,.-,.= -,

b g
GA3=3PM \_

Andreas Brandhuber?®, Graham R. Brown® Gang Chen", Stefano De Angelis¢, Joshua Gowdy® and Gab
Aidan Herderschee,* Radu Roiban®< and Fei Teng"

Carlo Hei .a Ingrid Vazquez-HolmAb.a // \\

= 0 = _ @
P1:P1+? Pi:Zh*E

- v k=g + ¢
—

Al dro G

5-point e o NP I B
HEFT woime flp wmime

. T = jooro = ><£
amplitude Lmium= o Ty=jim= § E
S $ '

at one-loop - : T oo = XS
O(G73) o ><Z

waveform Lo=jmo= S, I, = i = § §" Foq o f
s L 4 = Jorn = ZW

Comparing one-loop amplitude to MPM waveform

tails (Bini-TD-Geralico’23) algorithmic

STF tensors encoding

=0+ Ghy + G?hy + Gy + .. X
Dhlg:0"+ 1T G multipole moments

Ohg = 80hyhy, (related to the source
Ohg = 00hihyhy + 00h ha, moments |_L,J_L)
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Comparison one-loop amplitude vs MPM waveform

1 1 1 1 1 1 1
W(t,0,¢) ~ a <G(stat10nary) G*(1 +7+ +7+ )+ G3(1+§+§+§+~4~)+O(G4))
tree-level one-loop

Aim: accuracy up to radiation-reaction effects: O(1/cA5) beyond LO quadrupole

1 1 1 1 1 1 1
Ui]'(w) ~ (G(l + 672 + 674) +G;(1 + 0*2 + (j + 074 + ﬁ) +O(G4)> -‘rO(CTS)

V4 f - \
Newtonian GA2  LO tai rad-reac plus

similar effects
Main results of the initial EFT-MPM comparison (Bini-TD-Geralico, 2023):

mismatch at the Newtonian level, except if one refers the one-loop amp. to classical averaged momenta,|
rather than incoming momenta; then the terms linked to time-even PN corrections to multipoles agree
but there are many mismatches at the G*2/c/5 level

Updated comparisons (Georgoudis-Heissenberg-Russo’23,’24, Bini et al. 24) lead
to perfect agreement after taking into account three subtle effects:
(1) the bilinear-in-amplitude KMOC term generates the needed rotation
(2) IR divergences generate an additional (D-4)/(D-4) contribution
(3) zero-frequency gravitons contribute additional terms at h~G and h~G”3




Current Puzzles
high-energy limits?
G”3 energy loss too large
G”3 angular momentum 10ss t00 large wanonrsisway-shenz2)

Rad-reacted G”4 scattering diverges (Porto...Damgaard..)
cf ACV motivation: BH formation in HE scattering

Subtleties in defining/computing angular momentum flux
(Ashtekar et al., Veneziano-Vilkovisky, Riva-Vernizzi,...)

low-energy discrepancy at 5PN between
Foffa-Sturani’19,21,22 Bluemlein et al’21 and Bini-TD-Geralico

TF-constraint on 5PN O(nhu”2)
EFT radiative terms

Qs [ Qi Qi;  Qun Qu

Sean = O(JQLszdtlﬁf)I}f)szykLk _ 2973 _ 6907 + 2530 L 850
. W @ 350 9 ~aar 18 Q9@ g ~QeQ:

not solved by recent in-in results (Foffa-Sturani'22)
s :

3) 7(3
= Chga,G? / atrP 11 .

QQQ2

Conclusions

The synergy between ACV, BCJ, EFT, EOB, MPM, NR, PM, PN, QFT, SF, TF, WQFT
has led to many very interesting new vistas on the gravitational 2-body interaction.

Many impressive new results have been derived and more are in store, though
one is close to reaching the limits of the new techniques

There remains puzzles to clarify

LIGO’s bank of search templates

01:200 000 EOB + 50 000 PN LISA's templates

. - - 02: 325 000 EOB + 75 000 PN Vi
| think that the flexible analytlcal (+ phenom + surrogate templates) 2 FOBISF 7
nature of the EOB formalism can be PN (or
useful to absorb the recently ved R G”MN;
acquired new information (as well R>GM/c? ~ o
as new results to (_:ome) and to PM s EOB<—-- SF
incorporate them in LIGO-grade B> GM/¢ s T
waveform templates MPM ,/ \ BH m<m
perturbation
QFT,EFT warFt T [}
Quantum (or Classical) Scattering v
+ Bremsstrahlung waveform




