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1. conservative dynamics
2. radiation reaction forcg,g,irg

3. (resummed) waveform
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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)

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

+ Worldline QFT

Tutti Frutti method



New Angle of Attack on Two-Body Dynamics:
Classical and/or Quantum Two-Body Scattering

Gravitational scattering, post-Minkowskian approximation,

TD 2016. 2017- and effective-one-body theory
’ High-energy gravitational scattering and the general relativistic

two-body problem

A technique for translating the classical scattering function of two gravitationally interacting bodies into
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 one-loop
constant (i.e. one classical loop) the Hamiltonian of two point masses having an arbitrary (possibly GA2
relativistic) relative velocity. The resulting (second post-Minkowskian) Hamiltonian is found to have a
tame high-energy structure which we relate both to gravitational self-force studies of large mass-ratio two-loo
binary systems, and to the ultra high-energy quantum scattering results of Amati, Ciafaloni and Veneziano. P
We derive several consequences of our second post-Minkowskian Hamiltonian: (i) the need to use special GAN3+GM
phase-space gauges to get a tame high-energy limit; and (ii) predictions about a (rest-mass independent)
linear Regge trajectory behavior of high-angular-momenta, high-energy circular orbits. Ways of testing
these predictions by dedicated numerical simulations are indicated. We finally indicate a way to connect
our classical results to the quantum gravitational scattering amplitude of two particles, and we urge
amplitude experts to use their novel techniques to compute the two-loop scattering amplitude of scalar
masses, from which one could deduce the third post-Minkowskian effective one-body Hamiltonian.

Cheung-Rothstein-Solon 2018
From Scattering Amplitudes to Classical Potentials in the Post-Minkowskian Expansion

We combine tools from effective field theory and generalized unitarity to construct a map between on-
shell scattering amplitudes and the classical potential for interacting spinless particles. For general one-loop
relativity, we obtain analytic expressions for the classical potential of a binary black hole system at second GA2
order in the gravitational constant and all orders in velocity. Our results exactly match all known results up
to fourth post-Newtonian order, and offer a simple check of future higher order calculations. By design,
these methods should extend to higher orders in perturbation theory.



Quantum Scattering Amplitudes and 2-body Dynamics

Quantum Scattering Amplitudes —> Potential
SARRee >< & | one-graviton exchange :
e N | FW< Corinaldesi '56 ‘71,
| Barker-Gupta-Haracz 66,

3;:2 *:2 _:4 | .11 Barker-O’Connell 70, Hiida-Okamura72
IVQV - ’h\ lc\l)inlinear:cl)vr;/fsaKlfi 71 [Fl-ilr'% pc;sét[-zl\lgvlil/’;onian approx.],
| J W)rf) amura-Ohta-Kimura-Hiida
Amati-Ciafaloni-Veneziano 1987-2008

Ultra-High-Energy (s >> M_Planck?2)
Four-graviton Scattering at 2 loops

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

confirmed by
DiVecchia+'19

Fig. 3. The “H" diagram that provides the leading correction to the eikonal.

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.
7



Classical scattering perturbation theory
dxla

R¥ — ZRg" = 8nGTW

T (x) = Zﬂ / do,p" . 6* (x — x,(0,))

J/a
Apgy = /_ :o do, (iipa‘:‘ o
L[ e |
Apy, = 2G/ do,do,p1aP 1 Papel (x — y) = (ﬂ”'ﬂ”"‘ B %n“"’n""") Gx ) ¢ 11.{:
x 0,P%F (x,(01) — x2(02)) Pow P2y .

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,...

do_a - g‘ (xa)pal/"
dp, 1
da: = Th ﬂgaﬂ(xa)PaaPa/}-




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

Historically rooted in QM: Brezin-ltzykson-ZinndJustin’70 . -
. . . e s . : \
eikonal scattering amplitude+ Wheeler’s: Think quantum mechanically i + 1+ )/\ -

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

s

1 loop
G G*
2 loons 3 loops

Level correspondence

in the semi-classical limit:
Bohr-Sommerfeld ->
identification of
quantized action variables

1
J = lth=— d
2%7{2990@

N = nh=1.+J

1
[r —_ Td
QWj{p 4

—_—— A1 oz s

An effective particle of mass mu in some ettective metric

o | 9ig(X)

mass-shell constraint

—n+1,0

n+1,0+1

n, 4

Figure 1: Sket h f l p nden b tween the quantized energy levels of
h eal and effec e dvr cs. n der the

S — e @S functlons of I_rand | _phi=J



Gravitational Scattering and the GR 2-body problem

Beyond the PN approximation: (Possibly) High-energy Classical Scattering:
Post-Minkowskian (PM) approximation: expansion in G*n keeping all orders in v/c

Original EOB dictionary based on bound states
New (equivalent) dictionary for scattering state:

applicable to the PM approximation (no restriction on v/c,
[Damour2016]

Xeff(geffa J) — Xreal(greal’ J),

could recently exploit ‘old’ results by Bel-Martin *75-'81, Portilla '79,Westpfahl-Goller '79,

Portilla ’80, Bel-Damour-Deruelle-lbanez-Martin’81,Westpfahl '85 to compute some
pieces of the EOB dynamics to all orders in v/c.

/ /

Py P2 1 1 . 1 .

§Xclass(E7 J) — 5X1 (Eelcf7 V) - J,—2X2(Eeﬁ‘, V) + O(G3)
GAM 1 Loea _ 9 G piP|Pusappips
2 M bpem. D
_ G PP PuyayPiPs
P1 P2 J D '
1 2 _
= [P1AP2f* = =5 (P1P5 = P1P3) (P1uP2 — P1uP2y) e, =2 2p1-p2)° — pips

J \/(p1-p2)* — P3P}
= (p1-p2)* — P2p3. (52) 4 12
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’New results already at the 1PM order (linear in G)

Derivation of EOB energy map to all orders in v/c:

P

X1

1 e G 2(p1-p2)* — Pip3
P .
J \/(p1-P>)? — P3P}

2

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 | =m]m2/(m] + m2) moving in a Schwarzschild metric of mass M =

ml+m2, i.e. the rather complicated 1PM Hamiltonian of Ledvinka-Schaefer-Bicak2010: with
ma mb

Hlm Zma + G Z — (7pa Py +— (pa nab)(pb nab) - _G Z
a, b;éa, a,b#a

(1+ Pb ) _ —G Z 1 (m,my) [2(2(pa'pb)2(Pb'nb0)2 (6

2
a,b#a Tab (yba+1)

1 .
—2(Panbe) (PoMba ) (PaPb)PE + (Parliba ) 2P) — (pa~pb)2p§) —y +2 [ —pZ(pPsnpa)?
b
2 o\
v m, = \m
+ (Paba)*(Po-Msa)” + 2(Paiva) Py 1ba) (PaPs) + (PaPb)” — (pa~nba)2p§] a = (m;+p0)

+ [— 3pc21,(pb'nba)2 + (pa,‘nba)z(pb'nba,):2 + 8(pa'nba)(pb'nba)(pa'pb)

+plpi - 3(pa~nba)2p§] yba“ :



Classical Gravitational Scattering at the 2PM level (one-loop)
Damour’18, using Westpfahl-Goller ’79, Bel-Damour-Deruelle-lbanez-Martin’81,Westpfahl ‘85

1 A 1 A
_Xclass E J) _Xl (Eeffv V) + -_QXQ(Eeffa V) + O(GS)
282 /
Eeis V) = —= ,
A2 Vo — 1 .

3Jr 582 — 1
8 V1+2(Ea-1)
2 2
Effective EOB Hamiltonian transcrlptlon of chi2PM as a post-Schwarzschild Hamiltonian
10

(Err:dl)Z — mj —m2 §—m ‘mz
487

2mym, 2mym,
G(R,P) use an « energy gauge »

Eefts V

0= setwar, Lulv + Q(R, P) %u(seff, J) = 5 (Eegp, J)) = do )0 + 0(G*)

gauge-freedom Q'(R,P) = Q(R,P) A

12



Simple Map: ConservativeScattering angle <-> EOB dynamics

scattering angle, and its expansion in:

Gm1m2

TD’16-18
Bini-TD-Geralico’20

. zgfff —
21(Eeirrv) =
V 8cff
A 3 58% -1

X2(Eetr V) = =
8 \/ 14+ 2u(€er — 1) Schwarzschild
Westpfah!’85 metric M=m1+m2

@2 (Eets V) = == 12 (Eeirr ) = 25 (L))
w

425

q3(Eegs V) = &, (ZZ(geﬁ’ev) 5 (Eetr))

_).'3( e‘r’fay) —).’gChw(geff)
VEin-

Linear combinations of the scattering coefficients!




Application to the ACV eikonal scattering phase
(massless or ultra-relativistic scattering)

Amati-Ciafaloni-Veneziano’90+ Ciafaloni-Colferai’14+ Bern et al’20+ DiVecchia et al’20
getkonal — — (% 1 i6Y) + quantum corr.

valid in the HE limit
gamma-> infty

Using the chi—> Q dictionary
this corresponds to the HE limits:

i.e. an HE limit for the EOB (0 = ¢/ (X)P, P, + u* + Q(X, P)
mass-shell condition (TD’18)

14



Translating quantum scattering amplitudes into

classical dynamical information (1)
The domain of validity of the Born-Feynman expansion

h —1

)2 — p2p2
M(s, t) — M(%)(S,t) 1 M(g_zz)(s’t) 4 ./\/[‘%'(s, ) = ]6,:92(1?1 p2) PiPy

_/ (2mr)D-2 4pE * classical phase
‘ AS,(s,J)
CA(s, Q%) D—2; ( 2i6(s.b) ibQ 20(s,b) = R
2 1pE -—‘/Pd l)(e v —1) e ( ; ) A
0Re24(s,b) subtracted radial
total classical momentum transfer: = P action of potential

scattering
15



Translating quantum scattering amplitudes into
classical dynamical information (2)

Damour’17: EOB potential Q(R,E) or W(R,E)
Cheung-Rothstein-Solon’18, Bern et al’19

different EFT potential V(R,P*2) and methods for

taking the classical limit at the integrand level,

and extracting the « classical part » of the scattering amplitude

EOB EFT
Q7 (u, o) = u’qa(Eert) | ugs(Eeqr) + wyg (Eex) 1 O(C") H(P,X) = \/ m? — P2 + \/m§ + P2+ V(R,P?)
. un(y) m;(fy) ?113(7) 7114(7) y oy ~Cc1(P?)  _oc2(P?) gcs(P?)
w(rspoo) — r T2 7'3 7'4 ) V (R, P ) — G R +G RZ +G R3 +-

non-  —R2A(x) = |pE + — + —2 + —+0 ( )] ¢(X)
relativistic "

potential
scattering ! A9 BrGrs

classical — K

fEOB _ MEFT
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Scattering Amplitudes and the Conservative Hamiltonian for Binary Systems
at Third PPost-Minkowskian Order

Zvi Bern,! Clifford Cheung,®* Radu Roiban,” Chia-Hsien Shen,' Mikhail P. Solon, and Mao Zeng®
'‘Mani L. Bhaumik Instituie 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, Caitfornia 91125
*Institute for Gravitation and the Cosmos, Pennsylvania State University, University Park, Pennsvivania 16802, USA

tWO'IOOp *Instituze for Theorerical Physics, ETH Ztirich, 8093 Zirich, Swirzerland
|eVE| ® (Receiver] 28 Jenuary 2019; publishex] 24 May 2019)
GA3 We present the amplitude for classical scattering of gravitationally interacting massive scalars zt thind

post-Minkowskian order. Our approach hamesses powerful tools from the modern amplitudes program
such as generalized unitarity and the couble-copy construction, which relates graviry integrands to simpler
gauge-theory expressicns. Adapting methocs for integration and matching from effective field theory, we
extract the conservative Hamiltonian for compact spinless binaries at third post-Minkowskizn order. The
resulting Hamiltonian is in complete zgreement with corresponding terms in state-of-the-art expressions at
fourth post-Newtonizn order as well as the probe limit at all orders in velocity. We also cerive the scattering
angle at third post-Minkovskian order and 7ind agreement with known results.

the eight
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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

cons Schw

X3 = X3

cons 3 (2’7 o 1)( 2V
'72 — 1 h2 (’77 V)
37/(1472 + 25)

s C ()

A(v) = arctanh(v) — 1 14w

it — zarmmh\

2

Y
— 4+ (12 — 81In(2v))-
; ( ( ))]3

_Xcons — 9

Instead of

confirmations: 5PN (Bini-TD-Geralico’19); 6PN (Blumlein-Maier-Marquard-Schafer’20,
Bini-TD-Geralico’20); 3PM (Cheung-Solon’20, Kélin-Porto'20) 18



Comparison of 3PM Hamiltonian to NR energetics

Antonelli et al. ‘19 orbits to merger
2

251510 5 4 3 2 1
—0.02 AL A B | T T I 1 1
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f ti | q . — Hipy - HQIgl)\'; ]
| rgo IoONa —0.03f H_Er(r)\rl”\ — —— HEOB
binding energy : 1JEOB PS FEOB |
[ 3PM - T T HypN |
VersSus ~0.04
angular |
frequency —0.05]
~0.06}
~0.07}
0.15f
— 0.10}
~ I
T 0.05}
0.00 =

. . e GMQ
The main current interest of gravitational scattering

results is conceptual, rather than directly practical

PM
Hamiltonians

»up to G/3

PN
_.Hamiltonians
used
in LIGO-Virgo
data-analysis

I

includes
terms
O(G"5)
and
resummation
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Conservative and Radiative Aspects of the Dynamics

selected /
by Bern’s ¢
integration | 1 | 1 | 1 | 1 ) |
method VI ! ! |
of regions C CG CS ClO
| 1 | 1 | 1 | 1 ) |
I C7 I CS I Cg I ClO I
1 1 1 1
-+ 5T 5 T )
cT 8 9 el
1 1 1 1
| | | | )
el 8 9 el
1 1 1
+G° (5 + 5 + )
rad reac (68 9 (1o
Black: time-even and conservative T +G° —5
Red: time-odd and dissipative | &
Blue: nonlocal-in-time but decomposable A4P . 4‘
in conservative and dissipative (G4,G _ 5) 5PN
separation

Purple: ambiguous in various ways ??

same order as

well-defined F radreac/2!



Conservative vs Radiation-reacted
Classical Gravitational Scattering

Radiation-reaction effects enter scattering at G*3/c/5 (Bini-TD'12)
1 4 8Gmim;
Elr - 50 J3

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 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,,.

Uv2+...




Universality of ultra-relativistic gravitational scattering

from anaIYtiCity/ CrOSSing (DiVecchia—Heissenberg-Russo-Veneziano’20)

ultra-relativistic eikonal phase: §(s,b) = 6y(s, b) + 62(s, b)

+ (e

1 (sch)3logsr3(1—e)[ 1 1 ]
— —_——t=-40
2s  16(wb?)! -3 +3 TOE

Re(247) =

2logs

IR
finite

IR/ﬂ

divergent

s -5
o S -~
. S
2 . . d o
' . g B,
’ L ‘ R TR S sE s - B T
2 ' o] -
- ' ' 4 .
' '
' '

Im ASP (s, b) ~

4e 2

' 3 2
- ~ Re(287) ~ “oN

hb?

universality of HE result = ACV, thanks to radiative effects
+ DiVecchia-Heissenberg-Russo-Veneziano’21: Radiation Reaction from Soft Theorems
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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)

, 0(GA2)
1 6Xcons 4 1 axcons ;% | [TD-Deruelle’81]
_ = Erad _ -
: , “J 7 r2
ra ki L ;
(A3) I ¢ = ﬁ . ] [ﬁia"iuﬁia - Ef’f ‘?j'fab‘?ufab]
L ——————————— DeWitt’71, Thorne’80
16 2  2(3v2—1 o o i N Kovacs-Thorne’77, Bel et al’81,
I('U) — _? + v_2 ( v3 )A('U) (?;‘) :arcmnh(_-z;) = 5 ln;lv WeStpfah|,85
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Translating quantum scattering amplitudes into
classical dynamical information (3)

Kosower-Maybee-O’Connell’19 formalism for any observable O
AO = (out|O|out) — (in|Ofin)  with lout>=S lin>and S=1+ T

Hermann-Parra-Martinez-Ruf-Zeng’21 making use of: generalized unitarity,
reverse unitarity ( for phase-space integrals), method of regions, integration by parts
canonical differential eqs applied KMOC to O= p_1"mu and p_rad”mu

€y — p2 €2 — po

e Yoo | 0 - WO

£ —p £ — p

€3 — po

[ao b \QZ ﬁ 610

£ —p 24



momentum transfer (impulse) (Hermann-Parra-Martinez-Ruf-Zeng’21)

3 4
Apl._,cons - |b|3 \/7 ‘bl ( ,v) | 160 (02 — 1)2 (7
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o2 —1
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LD P \‘.'(2,_.2_“'
3 2 inhs/ =L f57 () =2 T K ‘n‘ -
3nsd, [ _ _ O arcsiniy / == -
Ap“’(z) _G'M*v 4 b_ LS(O.) + fLS(o) - gy — 21007 = 5525 4 339 *-wn-uuw ~ 31360 + 1151
Lirad — : 1 3 fiiz) = :
“d = TE | Vo= 11b] -1 T s-)®
. ooy _85a% B0t 15le"  TSo 8
7 - - .
" < og—11 o M =1
- 1 o+1 o arcsinhy /5 . (207 = 3) (350" — 3002 4 11
+ iy | fi(o) + f2(o) log 5 + fa(o) = : Fal) = T |

radiated momentum

G"m m3 uf + uh
uo_ 13 U 2 4
AR e pg] E(o) + O(G7)
8(0) o+1 o arcsinhy/ 75%

= h(o)+1a(o) og (737 ) +11(e) —

see also: DiVecchia et al, Riva-Vernizzi’21,Bjerrum-Bohr-Plante-Vanhove-Damgaard,
useful results concerning the waveform (using QFT integration methods)... 25



potential gravitons only
Scattering Amplitudes and Conservative Binary Dynamics at O(G*)

Zvi Bern,1 Julio Parra-Martinez -',2 Radu Roiban,3 Michael S. Ruf® ,4
Chia-Hsien Shen :,5 Mikhail P. Solon,l and Mao Zeng6

I\Mani T. Rhaumik Inctitute for Thearetical Phyusics [niversitv of Califarnia at T.ns Anoeles

three-loop ) s i ;
level W /\
G A 4 1 b 4 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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1 2 1-—- 1 2 20(20% -3 -1 -1
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Classical scattering perturbation theory
enhanced by using QFT integration methods

b 5P
dp, 1
dO': ) ugaﬂ(xa)Paapa/}-

- do, _ |
— = p £
2u/—oo daaa;zga (xa)paapa/}' with l,b
retarded & -
Ap,, = 2G/d0‘1d02plapm propagator RLH

X 6;473‘1[’;‘{” (x1(01) — x2(02)) P2 P2y

n

) o with
PP (x — y) = (n"" = Snn? ) G(x—y) retarded
propagator

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,...




Tutti-Frutti
method

(Bini-TD-Geralico
'19,’10°21)

SIXTH POST-NEWTONIAN LOCAL-IN-TIME DYNAMIC
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FIG. 1. Schematic representation of the irreducible information
contained, at each post-Minkowskian level (keyed by a power of
u = GM /r), in the local dynamics. Each vertical column of dots
describes the post-Newtonian expansion (keyed by powers of p?)
of an energy-dependent function parametrizing the scattering
angle. The various columns at a given post-Minkowskian level
correspond to increasing powers of the symmetric mass-ratio v.

See text for details. 28



Inclusion of conservative nonlocal g
radiation-graviton effects %

\\\
Use Delaunay-averaging expansions in eor p_r N
(TD-Jaranowski-Schaefer’15,Bini-TD-Geralico...)
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Starting at GA4/cA8, dynamics contains a nonlocal action
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Conservative Radiative Contributions to the
Classical Scattering at 6PN and G/4

Recent amplitude computation of potential-graviton contribution to
conservative 4PM (G”*) dynamics (Bern et al '21);
additional radiation-graviton conservative contrib. (Bini-TD-Geralico’21)
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soft (radiationlike) gravitons
Scattering Amplitudes, the Tail Effect, and Conservative Binary Dynamics at O(G?)

tail in Zvi Bern,! Julio Parra-Martincz,? Radu Roiban,® Michacl S. Ruf,!
: : 4 - : 1 5 PABANN

near-zone Chia-Hsien Shen,®* Mikhall P. Solon,” and Mao Zeng ] »(0 g

Conservative Dynamics of Binary Systems at Fourth ém.,,

> Post-Minkowskian Order in the Large-eccentricity Expansion
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whose first three terms match the sixth PN order result
in Eq. (6.20) of Ref. [42]. ‘ 31




Puzzles Concerning Radiative Contributions

high-energy limits?

GA3 energy loss too large
Conservative G scattering diverges
ctf ACV motivation: BH formation

In HE scattering

low-energy discrepancy at 5PN between

Foffa-Sturani’19,21 Bluemlein et al’21 and Bini-TD-Geralico

TF-constraint on 5PN O(nu”2)
EFT radiative terms
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A tale of many Green’s functions

1
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+ issues of: <in,out>; <in,in>, FWF, Schwinger-Keldysh,...

Within the <in,in> approach (which involves causal exchanges) Foffa-Sturani advocate
to extract the conservative part by taking the time symmetric part of the result

+ Issue of scattering effects quadratic in radiation-reaction
+ Issue of separating/combining conservative and radiative effects



Conclusions

Analytical approaches to GW signals play a crucial role (in conjunction with Numerical
Relativity simulations) for the detection, interpretation and parameter estimation of
coalescing binary systems (BBH and BNS). It is important to further improve our
analytical knowledge for future GW detectors: second generation ground-based
detectors, space detectors, second generation ground-based detectors.

Quantum (and classical) scattering approaches have given new results of great
conceptual interest, and also of potential interests for GW detection. The fruitful
dialogue between QFT, EFT, PN, PM, EOB, Tutti-Frutti methods must be vigorously
pursued. Discrepancies must be resolved to complete the determination of the 5PN
dynamics (of direct utility for LIGO-Virgo). Radiative effects are still puzzling.

Henri Poincareé

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

plus ou moins résolus »

«There are no (definitely) solved
problems, there are only

more or less solved problems »




