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Introduction & Motivations
B # t E M E T E R S

oooo D i r e c t dete
ction
of,,y
Gw:

n e e d for a c c u r a t e waveform templates
(LIGO, V I R G O . . . LISA) merger
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oooo Analytic approximation schemes

* Po s t -H i n kows k i a n : w e e k gravitational faces ¥49# ( v generic)

* Pos t -Newton ian : w e e k gravitational forces 611€" ¥ " a n d s l o w mo t i o n s



Cheung, Rothstein, Solon - 1802.02489

Kälin, Porto - 
1910.03008, 
1911.09130

Motivations fumscatteringerents
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* s o m e quantities e .g .# ~ g × Veff c a n be exported
v e r b a t i m . . .

oooo P M expansions * O t h e r s c a n b e

from scattering Amplitudes adf.ly#Q.eyaqntin-
med.A = t . t t , i t , t t , t - - -
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(Potential✓ generic ← Lorentz
i n v a r i a n c e Region)



Bern, Cheung, Roiban, Shen, Solon, Zeng - 1901.04424, 1908.01493

Amati, Ciafaloni, Veneziano - 1990

L u t o t i v a t i o n s
A 3 P M P U Z Z L E

oooo T h e 1st 3PM ca l c u l a t i o n of t h e i n t e r a c t i o n potential
Veff" between spinless BHO w a s ach ieved by Amplitude
me thods
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3PM✓ ?

Baas M o s s ' s setup: XACLE, b) -
(6¥13 U N I V E R S A L

(shockwave E d i n
scattering) 3PM✓

GR , N = 8 . . .
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Q u a n t u m Schwarzschild
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Leye.to/Smell-qEupansi=D=4n-2Eoao
Impact-parameter space representation:
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Kabat, Ortiz - hepth/9112020
Akhoury, Saotome, Sterman - 1308.5204
Bjerrum-Bohr, Damgaard, Festuccia, Vanhove - 1806.04920

cf. Bern et al. - 2101.07254
Damgaard, Planté, Vanhove - 2107.12891,
Brandhuber, Chen, Travaglini, Wen - 2108.04216likonelEnponentiation
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(Weinberg ‘65)

EikoneleDeflectiontugled
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Caron-Huot, Zahraee - 1810.04694
Parra-Martinez, Ruf, Zeng - 2005.04236

w = 8 S U G R A _
ooooUseful toymo d e l : * simpler amplitudes compared t o G R

* s a m e techn ica l a n d conceptual challenges
oooo s - a symmetric amplitude for t w o m a s s i v e scalars
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Beneke, Smirnov 
- hep-ph/9781391
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[LiteRed, FIRE6]

[epsilon]

Parra-Martinez, Ruf, Zeng - 2005.04236

I B P TOD E To o l k n . t n

oooo Integration-by-Parts (IBP) i d e n t i t i e s reduce t h e ca lcu lat ion
t o a few S O F T m e s t e r integrals
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Boos O n e s t i l l needs t h e Boundary condit ions. . .



SoftBoundaryconditionsn
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Parra-Martinez, Ruf, Zeng - 2005.04236 DVHRV - 2008.12743

DVHRV - 2104.03256
Amati, Ciafaloni, Veneziano ‘90

affrontheSoft-Region
Po te n t i a l contribution Radiation-Reaction
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2101.05772,
2104.03256

t o w a r d s
oooo I D E A : add 1212 effects The@(R) t o t h e (known) P OT E N T I A L P A R T
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Goldberger, Ridgway; Luna, Nicholson, O’ Connell, White; Mogull, Plefka, Steinhoff
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Anastasiou, Melnikov - 0207004
Herrmann, Parra-Martinez, Ruf, Zeng - 2101.07255, 2104.03957

DVHRV - 2104.03256Evelnetionefthecutfutegrels
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oooo @his c a n be reduced t o
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oooobhese integrals c a n be decomposed i n t o t h e s a m e
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[REVERSE UNITARITY]



Bern, Cheung, Shen, Solon, Ruf, Zeng -1901.04424

DVHRV - 2101.05772, 2104.03256
(Agrees with Damour - 2010.01641)
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DVHRV - 2101.05772

DVHRV - 2104.03256

summaryofrrfem.tn#icityGossiyoao
UnitaritytSoftTheetreffsLue28in-¥(I-c-hg)t . . ) ,

E → o

s m a l l v

Booofullllnite-ity:¥¥trE€>Gm282=-¥ (1g-Elog@2-
t))(...) p e r

+ e - (analytic e s r → e ) t 0G t

gag IReseponenti-tion: A = et694¥,,,
t e

⇒ 282~-Eitel.-.)
p e r

C-→ 0

T h e n by Analyticity+ Crossing:C1228zRMg.EhmoInt8ur28zI
@Bonuy.Z'-frequencyd t

l i m i t of t h e
d÷§y=jh→%-4E
Lm§e m i s s i o n spectrum



Werefound I getE - o
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Boos Waveform i n t h e fear z o n e : g µ
= f u r + 2 k Heer ( K- 1 8 ¥ )

a t M t n , w i t h E t i In A Eff
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detector's d i s t a n c e r e t a rd e d t i m e observation direction



cf. Kovacs, Thorne (1978)
Jakobsen, Mogull, Plefka, Steinhoff - 2101.10256,
Mougiakakos, Riva, Vernizzi - 2102.08339

Hereford:X
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cf. Kovacs, Thorne (1978)
Jakobsen, Mogull, Plefka, Steinhoff - 2101.10256,
Mougiakakos, Riva, Vernizzi - 2102.08339

(Sahoo, Sen - 2105.08739 
and refs. therein)
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Ciafaloni, Colferai, Veneziano - 1812.08137

Gowa rd s anE i ko n e lw i t h ro d i t i o n

o st i f fs , b) ~
ew↳'b) fails t o be "unitary" because

1 CLASS ICAL ¥ - 0 ( i n fact nee)
ELAS-TIC
2 → 2

BooL u 282 cancels against [Gun¥2],p , I d t , ¥EE§¥EEI
1NzELAz#

oooo T h e appropriate way
t o r e s t o r e unitarity i s t o combine

2 → 2 a n d a → 3 v i e e Hermil ian e i k o n a l O P E R ATO R
ooo Ghe est step exponentiation of t he 2 - 3 amplitude

a - loop[The
Ie, superc lass ica l t e r m i n type,n oWARNING,.
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i s compatible w i t h side-Aspt,£ 8
Messless
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