
Bootstrapping the relativistic 2-body problem
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First detection

Discovery Potential = 
Precise Theoretical Predictions 

           




Merger Ringing

. . .

Numerical

(exact but slow)

Analytic/

Perturbative

Analytic

(Approx. but fast)

Inspiral

First detection

Challenge in GW Science 
 

Ed Witten

“It’s one thing in physics to write down the equations… 

but then you have to solve them!… 

That sometimes is easier said than done” 




. . .

First detection

10000+ cycles in band @ Design-Sensitivity  
‘GW Precision Data’  

 
10000+ events per year!

GWPD !™
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First detection

x ⇠ (v/c)2
⌫ ⇠ m2/m1

Fourth-order PN accuracy

‘GW Precision Data’  
 

4

10000+ cycles in band @ Design-Sensitivity  
10000+ events per year!

GWPD !™
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First detection

‘GW Precision Data’  
 

4

Are we ready 

         for the future?

10000+ cycles in band @ Design-Sensitivity  
10000+ events per year!
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First detection

Theoretical uncertainties  
dominate over planned empirical reach

4



. . .

First detection

(“susceptibility”)

e.g. Equation of State  
of Neutron Stars

tidal effects

4

Qij = cEEij
<latexit sha1_base64="NUJVwD2DjJ7Vt+slrjHMEPPtYBY=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUmqoBuhKAWXLdgHtCFMptN27OTBzEQIof6KGxeKuPVD3Pk3TtMstPXAhTPn3Mvce7yIM6ks69sorK1vbG4Vt0s7u3v7B+bhUUeGsSC0TUIeip6HJeUsoG3FFKe9SFDse5x2vent3O8+UiFZGNyrJKKOj8cBGzGClZZcs9xyU/YwQ9eIuA3UyB6uWbGqVga0SuycVCBH0zW/BsOQxD4NFOFYyr5tRcpJsVCMcDorDWJJI0ymeEz7mgbYp9JJs+Vn6FQrQzQKha5AoUz9PZFiX8rE93Snj9VELntz8T+vH6vRlZOyIIoVDcjio1HMkQrRPAk0ZIISxRNNMBFM74rIBAtMlM6rpEOwl09eJZ1a1T6v1loXlfpNHkcRjuEEzsCGS6jDHTShDQQSeIZXeDOejBfj3fhYtBaMfKYMf2B8/gBtAZP7</latexit>

We haven’t reached the analytic precision
to distinguish between compact bodies!



. . .

First detection

4

vanishes for black   
holes in Einstein’s  

gravity (4d)

(“susceptibility”)

Qij = cEEij
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NO ‘Standard Model’ 
Background!

‘New Physics’ 
Threshold

We haven’t reached the analytic precision
to distinguish between compact bodies!



• Part I: EFT for Bound (PN)/Unbound(PM) states 

• Part II: Boundary2Bound correspondence 

Discovery Potential =

Precise Theoretical Predictions 

           


Outline of the (remaining) talk…



EFT approach to GW physics

Separation of Scales for PN sources:

Effective Field Theory:                                               
Classical effective action (saddle point) one 
scale at a time (method of regions)

PM

Classical
gravity

v

v2

PN

. . . =
1

2
QijE

ij + . . .

Goldberger Rothstein 
(NRGR 2006)
RAP (2006)
Goldberger Ross (2009)
Foffa Sturani (2011)

Kalin RAP  (2020)



EFT approach to GW physics PM

v

v2

PN

Separation of Scales for PN sources:

Effective Field Theory:                                               
Classical effective action (saddle point) one 
scale at a time (method of regions)

UV Divergences:
 localized sources

h0|0iJ =log

e.g. Duff (70’s); 
Damour et al. (90’s)

Potential 
modes

Radiation 
modes

1

p20 � p2
=

1

p2
�
�1 + p20/p

2 + · · ·
�Classical ‘loop’  =  

iterated Green’s function  
+ point-like sources

Goldberger Rothstein 
(NRGR 2006)
RAP (2006)
Goldberger Ross (2009)
Foffa Sturani (2011)

Kalin RAP  (2020)



EFT approach to GW physics PM

v

v2

PN

Separation of Scales for PN sources:

Effective Field Theory:                                               
Classical effective action (saddle point) one 
scale at a time (method of regions)

UV Divergences:
 localized sources

h0|0iJ =log

Potential 
modes

Radiation 
modes

+ …+

+ …+

(includes RR!)

…
1

2
IijE

ij

binary

Goldberger Rothstein 
(NRGR 2006)
RAP (2006)
Goldberger Ross (2009)
Foffa Sturani (2011)

Kalin RAP  (2020)

Matching to  
(source) multipoles 
(known to NNNLO) 



EFT approach to GW physics PN

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘
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Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Droste

EIH 


(1917)

Halley

Hooke


Newton 

(16XX)

‘New Physics  
Threshold’

* Conservative non-
spinning  

Damour et al.,

Blanchet et al.


Foffa RAP et al. 
(2015-19’)

Bluemlein et al

Foffa Sturani et al.

RAP Riva Yang 

(2021-2024)

4PN spin! 
Cho RAP Yang 

(2022)



EFT approach to GW physics PNFoffa RAP 

Rothstein Sturani


1903.05118
RAP Rothstein


1703.06433

Galley Leibovich 

RAP Ross


1511.07379

“Tail effect”
(scattering off of the
geometry sourced

by the binary)

log v
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(point-like) 
binary  
system
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G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·
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Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Halley

Hooke


Newton 

(16XX)

background 
geometry 

(ultra)soft  
radiation  

Droste

EIH 


(1916)

Damour et al.,

Blanchet et al.


Foffa RAP et al. 
(2015-19’)



EFT approach to Atomic physics

bound  
state

(ultra)soft  
radiation  



EFT approach to GW physics PN

0PN 1PN 2PN 3PN 4PN 5PN 6PN
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⇣
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<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Halley

Hooke


Newton 

(16XX)

Q QE/L/Q Q QQ

⌫2
<latexit sha1_base64="yAXqEkECLRoGSG2kLnqCITkz6bk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0sWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilZk+lj7V+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82On5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzL7nAyE5gzlxBLKtLC3EjaimjK0+ZRsCN7yy6ukVat6F9Xa/WWlfpPHUYQTOIVz8OAK6nAHDWgCAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHhy6Ofw==</latexit>

⌫3
<latexit sha1_base64="bXWqGiE//MhcVG0txzD1LypIdis=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkr6LHoxWMF0xbaWDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmGnuLu3f3BYOjpumiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7cxvPXFtRKIecJzyIKYDJSLBKFrJ76rssdYrld2KOwdZJV5OypCj0St9dfsJy2KukElqTMdzUwwmVKNgkk+L3czwlLIRHfCOpYrG3AST+bFTcm6VPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynaELzll1dJs1rxapXq/WW5fpPHUYBTOIML8OAK6nAHDfCBgYBneIU3RzkvzrvzsWhdc/KZE/gD5/MHiLKOgA==</latexit>

rad pot rad rad rad rad

⌫3
<latexit sha1_base64="bXWqGiE//MhcVG0txzD1LypIdis=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkr6LHoxWMF0xbaWDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmGnuLu3f3BYOjpumiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7cxvPXFtRKIecJzyIKYDJSLBKFrJ76rssdYrld2KOwdZJV5OypCj0St9dfsJy2KukElqTMdzUwwmVKNgkk+L3czwlLIRHfCOpYrG3AST+bFTcm6VPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynaELzll1dJs1rxapXq/WW5fpPHUYBTOIML8OAK6nAHDfCBgYBneIU3RzkvzrvzsWhdc/KZE/gD5/MHiLKOgA==</latexit>/

Droste

EIH 


(1916)

(apparent) discrepancy 
with PM EFT results 

resolved! 

Conservative-like 
effects from 

radiation-reaction square! 

Novel 
nonlocal-in-time 
memory effects!

Damour et al.,

Blanchet et al.


Foffa RAP et al. 
(2015-19’)

Bluemlein et al

Foffa Sturani et al.

RAP Riva Yang 

(2021-2024)



EFT approach to GW physics PN

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Halley

Hooke


Newton 

(16XX)

Droste

EIH 


(1916)

Damour et al.,

Blanchet et al.


Foffa RAP et al. 
(2015-19’)

Bluemlein et al

Foffa Sturani et al.

RAP Riva Yang 

(2021-2024)

Boundary term responsible for flux of 
CANONICAL angular momentum 

Novel 
nonlocal-in-time 
memory effects!

⌫3
<latexit sha1_base64="bXWqGiE//MhcVG0txzD1LypIdis=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkr6LHoxWMF0xbaWDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmGnuLu3f3BYOjpumiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7cxvPXFtRKIecJzyIKYDJSLBKFrJ76rssdYrld2KOwdZJV5OypCj0St9dfsJy2KukElqTMdzUwwmVKNgkk+L3czwlLIRHfCOpYrG3AST+bFTcm6VPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynaELzll1dJs1rxapXq/WW5fpPHUYBTOIML8OAK6nAHDfCBgYBneIU3RzkvzrvzsWhdc/KZE/gD5/MHiLKOgA==</latexit>



EFT approach to GW physics PN

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Halley

Hooke


Newton 

(16XX)

Droste

EIH 


(1916)

Damour et al.,

Blanchet et al.


Foffa RAP et al. 
(2015-19’)

Bluemlein et al

Foffa Sturani et al.

RAP Riva Yang 

(2021-2024)

 Also in the conservative sector:

Novel 
nonlocal-in-time 
memory effects!

⌫3
<latexit sha1_base64="bXWqGiE//MhcVG0txzD1LypIdis=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkr6LHoxWMF0xbaWDbbTbt0swm7E6GU/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmGnuLu3f3BYOjpumiTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LR7cxvPXFtRKIecJzyIKYDJSLBKFrJ76rssdYrld2KOwdZJV5OypCj0St9dfsJy2KukElqTMdzUwwmVKNgkk+L3czwlLIRHfCOpYrG3AST+bFTcm6VPokSbUshmau/JyY0NmYch7Yzpjg0y95M/M/rZBhdBxOh0gy5YotFUSYJJmT2OekLzRnKsSWUaWFvJWxINWVo8ynaELzll1dJs1rxapXq/WW5fpPHUYBTOIML8OAK6nAHDfCBgYBneIU3RzkvzrvzsWhdc/KZE/gD5/MHiLKOgA==</latexit>

Cannot keep mass polynomiality AND locality  
at the same time! ONLY AT G4: 



EFT approach to GW physics PN

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Halley

Hooke


Newton 

(16XX)

Droste

EIH 


(1916)

Damour et al.,

Blanchet et al.


Foffa RAP et al. 
(2015-19’)

Bluemlein et al

Foffa Sturani et al.

RAP Riva Yang 

(2021-2024)

Conservative-like 
effects from 

radiation-reaction square! 

Cannot keep mass polynomiality AND locality  
at the same time! ONLY AT G4: 



EFT approach to GW physics PN

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Halley

Hooke


Newton 

(16XX)

Droste

EIH 


(1916)

Damour et al.,

Blanchet et al.


Foffa RAP et al. 
(2015-19’)

Bluemlein et al

Foffa Sturani et al.

RAP Riva Yang 

(2021-2024)

 Also in the conservative sector:

(apparent) discrepancy 
with PM EFT results 

resolved! 

“Memory effect”



EFT approach to GW physics PM

Gm

b
⌧ 1

<latexit sha1_base64="WwZuhj3N5HwWYz6eebrIbla6Geo=">AAAB+3icbVBNS8NAFHypX7V+xXr0slgKnkpSBT0WPeixgq2FJpTNdtMu3U3C7kYsIX/FiwdFvPpHvPlv3LY5aOvAg2HmPXZ2goQzpR3n2yqtrW9sbpW3Kzu7e/sH9mG1q+JUEtohMY9lL8CKchbRjmaa014iKRYBpw/B5HrmPzxSqVgc3etpQn2BRxELGcHaSAO76oUSk+xG5FmQI49z5A7smtNw5kCrxC1IDQq0B/aXN4xJKmikCcdK9V0n0X6GpWaE07zipYommEzwiPYNjbCgys/m2XNUN8oQhbE0E2k0V39fZFgoNRUmXF1gPVbL3kz8z+unOrz0MxYlqaYRWTwUphzpGM2KQEMmKdF8aggmkpmsiIyxKUObuiqmBHf5y6uk22y4Z43m3XmtdVXUUYZjOIFTcOECWnALbegAgSd4hld4s3LrxXq3PharJau4OYI/sD5/AGpzlAY=</latexit>

Kalin RAP 
(2020)

1PM

2PM

3PM

4PM

5PM

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Post-Minkowskian 
expansion

Fully (special) relativistic  
integration problem!  

Compute total impulse 

and scattering angle

classical ‘soft’ region
* Conservative non-

spinning  

Linear WEFT coupling



EFT approach to GW physics PM

1PM

2PM

3PM

4PM

5PM

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Westphal (1985)

Cheung et al (2019)
Kalin RAP (2020)

* Conservative non-
spinning  



EFT approach to GW physics PM

Kalin Liu RAP (2020)

1PM

2PM

3PM

4PM

5PM

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Westphal (1985)

Cheung et al (2019)
Kalin RAP (2020)

Bern et al (2019)

* Conservative non-
spinning  



EFT approach to GW physics PM

1PM

2PM

3PM

4PM

5PM

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

 ‘PM-bootstrapping two-body problem’ =  
Differential Equations  + boundary conditions from PN!

Kalin Liu RAP (2020)

� =
1 + x2

2x
<latexit sha1_base64="rOpLi4e4pX2iCu3ZCyqyANhzo+g=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQShJFHQjFNy4rGAf0MQymU7aoTOTMDORlhDc+CtuXCji1q9w5984fSy09cCFwzn3cu89YcKo0o7zbRWWlldW14rrpY3Nre0de3evoeJUYlLHMYtlK0SKMCpIXVPNSCuRBPGQkWY4uB77zQciFY3FnR4lJOCoJ2hEMdJG6tgHfg9xjuAV9COJcOaeDu+9PPOGeccuOxVnArhI3BkpgxlqHfvL78Y45URozJBSbddJdJAhqSlmJC/5qSIJwgPUI21DBeJEBdnkhRweG6ULo1iaEhpO1N8TGeJKjXhoOjnSfTXvjcX/vHaqo8sgoyJJNRF4uihKGdQxHOcBu1QSrNnIEIQlNbdC3EcmCm1SK5kQ3PmXF0nDq7hnFe/2vFx1ZnEUwSE4AifABRegCm5ADdQBBo/gGbyCN+vJerHerY9pa8GazeyDP7A+fwDjSJZp</latexit>

polylogarithms

canonical 

to N2LO!

Bern et al (2019)

* Conservative non-
spinning  

log x
<latexit sha1_base64="l/Vf8kwF1b60z0fQseWPWzcSjpI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTOra7ohuXFewD2qFk0kwbm5kMSUYsQ//BjQtF3Po/7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlhKpJLRJBBeyE2BFOYtpUzPNaSeRFEcBp+1gfDnz23dUKibiGz1JqB/hYcxCRrA2UqvHxRDe94slZNdqqOJ4ENlnCLlezRBUdqueBx0bzVECSzT6xffeQJA0orEmHCvVdVCi/QxLzQin00IvVTTBZIyHtGtojCOq/Gx+7RSeGGUAQyFNxRrO1e8TGY6UmkSB6YywHqnf3kz8y+umOqz6GYuTVNOYLBaFKYdawNnrcMAkJZpPDMFEMnMrJCMsMdEmoIIJ4etT+D9pubZTtt3rSql+sYwjD47AMTgFDjgHdXAFGqAJCLgFD+AJPFvCerRerNdFa85azhyCH7DePgG4A488</latexit>



EFT approach to GW physics PM

1PM

2PM

3PM

4PM

5PM

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·
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Dlapa Kalin Liu RAP (2021)

Kalin Liu RAP (2020)

elliptic integrals!

“Tail effect”
log v
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Bern et al (2021)

* Conservative non-
spinning  

various aspects  
confirmed in  

a number of studies 

Bini et al. (2021) 
Blumlein et al. (2021)
Foffa et al. (2021)“Bethe logarithm”

Not canonical 

at N3LO

 ‘PM-bootstrapping two-body problem’ =  
Differential Equations  + boundary conditions from PN!



EFT approach to GW physics PM

1PM

2PM
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⌘
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Kalin Liu RAP (2020)

Dlapa Kalin Liu Neef RAP (2022)

C(+,-)

Bini et al. (2022)
Manohar et al. (2022)
Damgaard et al. (2023)
Jakobsen et al. (2023)In-In boundary conditions


(causality preserving)

 ‘PM-bootstrapping two-body problem’ =  
Differential Equations  + boundary conditions from PN!

Dlapa Kalin Liu RAP (2021)

* Conservative + 
dissipative = TOTAL!

various aspects  
confirmed in  

a number of studies 



EFT approach to GW physics PM

1PM

2PM

3PM

4PM

5PM

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

 ‘PM-bootstrapping two-body problem’ =  
Differential Equations  + boundary conditions from PN!

Kalin Liu RAP (2020)

Lots of  
redundancy 

Dlapa Kalin Liu RAP (2021)

Driesse et al. (2024) (1SF)

Dlapa Kalin Liu Neef RAP (2022)

* Conservative + 
dissipative = TOTAL!



C1,2

EFT approach to GW physics
Schwinger-Keldysh Formalism

Family of integrals

Boundary conditions: Method of regions

Kalin RAP  (2020)

Liu RAP Yang  (2021)
Kalin Neef RAP (2022)

Dlapa Kalin Liu Neef RAP (2022)
Dlapa Kalin Liu RAP (2021)

Kalin Liu RAP  (2020) PM

Reversed NRGR 
(do the rad integral first 

then the left-over potential)

* Conservative + 
dissipative = TOTAL!



C1,2

EFT approach to GW physics
Schwinger-Keldysh Formalism

Family of integrals

Boundary conditions: Method of regions

Kalin RAP  (2020)

Liu RAP Yang  (2021)
Kalin Neef RAP (2022)

Dlapa Kalin Liu Neef RAP (2022)
Dlapa Kalin Liu RAP (2021)

Kalin Liu RAP  (2020) PM

log v
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“Bethe logarithm”
FROM pole in tail region  

(aka Lamb shift) 

* Conservative + 
dissipative = TOTAL!



EFT approach to GW physics 4PM

Perfect agreement 

with PN 


(Bini-Damour

-Geralico)

* Conservative + 
dissipative = TOTAL!



EFT approach to GW physics

Perfect agreement 

with PN 


(Bini-Damour

-Geralico)

4PM

NLO radiation (G^4) 

beyond


Kovacs and 

Thorne (G^3)

1977!

* Conservative + 
dissipative = TOTAL!



EFT approach to GW physics 4PM



EFT approach to GW physics 4PM

Resumed ala Firsov/Impetus 
(B2B Kalin RAP)



Discovery Potential =

Precise Theoretical Predictions 

           


• Part I: EFT for Bound (PN)/Unbound(PM) states 

• Part II: Boundary2Bound correspondence 



How do we compute bound 
observables from boundary data?

Kalin RAP

1911.09130
1910.03008
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Here
∫
k1···kn

=
∫

d3k1

(2π)3 · · ·
d3kn

(2π)3 and the Feynman vertex

V (k,k′) is the potential in the center of mass frame.

Classical Limit. The above EFT is obtained from the
full theory by integrating out massless force carriers me-
diating near-instantaneous interactions and taking the
NR limit, |k|, |k′| ! mA,B. By definition, these potential
modes have energies parametrically less than their mo-
menta, so |k0−k′0| ! |k−k′|.1 For a classical system, the
NR particles are separated by a distance |r| ∼ 1/|k−k′|
that is parametrically larger than the Compton wave-
lengths of the particles, |k|, |k′|. The resulting hierarchy,
|k − k′| ! |k|, |k′|, corresponds to an expansion in large
angular momentum, J ∼ |k × r| % 1, as utilized by
Damour [7, 10] . The classical component of any quan-
tity is then extracted via the scaling

J−1 ∝ k − k′ ∝ κ−1, (3)

where k,k′ ∝ 1 + J−1. The first relation holds because
angular momentum scales linearly with distance while
the second relation holds due to the virial theorem. Here
κ is the coupling constant, which for example in gravity
is the gravitational constant, κ = 4πG. The classical
potential has the same scaling as the leading Coulomb
interaction, κ/|k− k′|2 ∝ J3.

Higher order potential terms are parametrized by ar-
bitrary Hermitian combinations of the rotational invari-
ants k2, k′2, and k ·k′. However, since k2 −k′2 vanishes
on-shell, it can be eliminated by a field redefinition. Sim-
ilarly, Eq. (2) has no energy dependence since energy can
also be traded for k2 and k′2 via the equations of motion.
We thus choose a field basis in which V only depends on
k2 + k′2 and |k − k′|, so [4]

V (k,k′) =
κ

|k − k′|2
(c1 + c2κ|k − k′|+ · · · ) , (4)

where we have only included terms which are classical
and thus scale as J3 in accordance with Eq. (3), and

the ellipsis denotes terms higher order in κ.2 ci
(

k2+k′2

2

)

are momentum-dependent functions characterizing con-
tributions at ith order in the coupling constant and all
orders in velocity. Here we make the usual assumption
that there is a convergent velocity expansion.

Amplitudes. From Eq. (1) and Eq. (2) it is straightfor-

1 While it may seem peculiar to integrate out massless states, the
potential modes are off-shell. Moreover, the EFT contains ultra-
soft modes with energy and momenta of order |k−k′| but these
encode dissipative effects irrelevant to the conservative potential.

2 Higher order classical terms odd in κ include factors of log |k−k′|.

ward to obtain the Feynman rules,

(k0,k) =
i

k0 −
√
k2 +m2

A,B + i0
,

k k′

-k′-k

= −iV (k,k′) ,

(5)

where from here on the +i0 prescription will be implicit.
We are interested in the scattering amplitude for a pro-

cess where p and p′ are the incoming and outgoing three-
momenta in the center of mass frame, and EA and EB

are the energies of the incoming particles,

EA,B =
√
p2 +m2

A,B =
√
p′2 +m2

A,B . (6)

We define the total energy and the reduced energy ratio,

E = EA + EB and ξ =
EAEB

(EA + EB)2
. (7)

Note that 0 ≤ ξ ≤ 1/4 and moreover ξ and E are de-
pendent variables since EA and EB are related through
Eq. (6). We also define the momentum transfer q =
p− p′ ∝ J−1, with classical scaling dictated by Eq. (3).
The EFT amplitude can either be organized in terms

of the κ expansion or in terms of loop orders, so

MEFT =
∞∑

i=1

M (i)
EFT =

∞∑

L=0

ML-loop
EFT , (8)

whereM (i)
EFT is at ith order in κ and arises from Feynman

diagrams at i− 1 loops and below.
Since pair creation of matter particles is kinematically

forbidden in the NR limit, the amplitude at L loops is
comprised purely of iterated bubbles, so

ML-loop
EFT = · · ·

p

-p

k1

-k1

kL

-kL

p′

-p′

. (9)

For convenience, we merge each pair of matter lines into
an effective “two-body propagator”,

∆(k) = i

∫
dk0
2π

1

k0 −
√
k2 +m2

A

1

E − k0 −
√
k2 +m2

B

=
1

E −
√
k2 +m2

A −
√
k2 +m2

B

,

(10)
where the second line is obtained by closing the contour
in k0 either upwards or downwards in the complex plane.
The contribution at L loops is then

ML-loop
EFT = −

∫

k1···kL

V (p,k1)∆(k1) · · ·∆(kL)V (kL,p
′)

= −

∫

k1···kL

NL-loop
EFT

X2
1X

2
2 · · ·X

2
L+1Y1Y2 · · ·YL

,

(11)
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How do we compute bound 
observables from boundary data?

* Sheldon had wrong sign of QCD beta function! 

IN THE ON-SHELL SPIRIT… 

Do we really need the 

cumbersome & gauge-dependent  
Hamiltonian?
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Conservative effects

Periastron 
advance


endpoints related by analytic continuation
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LOOP AROUND INFINITY!

Scattering 
angle 


Periastron 
advance


B2B correspondence
Kalin RAP
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Conservative effects



At the level of the radial action:
Analytic


continuation

Central object for the bound problem:

�/2⇡ = �@ji
(unbound)
r

<latexit sha1_base64="4W9mmPBJsF3KqfXG1qlg07ew0zU=">AAACFHicbVDLSsNAFJ34rPUVdelmsAgVsSa1oBuh4MZlBfuAJobJZNqOnUzCzEQooR/hxl9x40IRty7c+TdO2iy09cCFwzn3cu89fsyoVJb1bSwsLi2vrBbWiusbm1vb5s5uS0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+8Crz2w9ESBrxWzWKiRuiPqc9ipHSkmceO3hAT6tOTOElPHFiJBRFzLuH1BN3adkRIUy4HyU8OBp7ZsmqWBPAeWLnpARyNDzzywkinISEK8yQlF3bipWbZjswI+Oik0gSIzxEfdLVlKOQSDedPDWGh1oJYC8SuriCE/X3RIpCKUehrztDpAZy1svE/7xuonoXbkp5nCjC8XRRL2FQRTBLCAZUEKzYSBOEBdW3QjxAAmGlcyzqEOzZl+dJq1qxzyrVm1qpXsvjKIB9cADKwAbnoA6uQQM0AQaP4Bm8gjfjyXgx3o2PaeuCkc/sgT8wPn8ABFWdiA==</latexit>

B2B correspondence

ALL the (conservative) observables! 

j = J
GM2⌫

<latexit sha1_base64="H0M5+CfpRkh2eNrAC+uDc2lpJk4=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5JUQTdCwYUiCBXsA5paJtNJO3YyCTM3QolZ+CtuXCji1t9w5984fSy09cCFwzn3cu89fiy4Bsf5tubmFxaXlnMr+dW19Y1Ne2u7pqNEUValkYhUwyeaCS5ZFTgI1ogVI6EvWN3vnw/9+gNTmkfyFgYxa4WkK3nAKQEjte3de3yGPQgUoelVll5c35U8mWRtu+AUnRHwLHEnpIAmqLTtL68T0SRkEqggWjddJ4ZWShRwKliW9xLNYkL7pMuahkoSMt1KR/dn+MAoHRxEypQEPFJ/T6Qk1HoQ+qYzJNDT095Q/M9rJhCctlIu4wSYpONFQSIwRHgYBu5wxSiIgSGEKm5uxbRHTBZgIsubENzpl2dJrVR0j4qlm+NC2ZnEkUN7aB8dIhedoDK6RBVURRQ9omf0it6sJ+vFerc+xq1z1mRmB/2B9fkDBBuVaQ==</latexit>

�
GM2⌫⇥

�
<latexit sha1_base64="DukNndQiRNRL7luYmetnmS6JGbo=">AAACB3icbVDLSgNBEJyNrxhfqx4FGQxCBAm7UdBj0INehAjmAdkYZiezyZDZ2WWmVwhLbl78FS8eFPHqL3jzb5w8DppY0FBUddPd5ceCa3CcbyuzsLi0vJJdza2tb2xu2ds7NR0lirIqjUSkGj7RTHDJqsBBsEasGAl9wep+/3Lk1x+Y0jySdzCIWSskXckDTgkYqW3ve4IFULi6uS95MsHesQc8ZBp7ind7cNS2807RGQPPE3dK8miKStv+8joRTUImgQqiddN1YmilRAGngg1zXqJZTGifdFnTUEnMslY6/mOID43SwUGkTEnAY/X3REpCrQehbzpDAj09643E/7xmAsF5K+UyToBJOlkUJAJDhEeh4A5XjIIYGEKo4uZWTHtEEQomupwJwZ19eZ7USkX3pFi6Pc2XL6ZxZNEeOkAF5KIzVEbXqIKqiKJH9Ixe0Zv1ZL1Y79bHpDVjTWd20R9Ynz9WSphW</latexit>

Kalin RAP

1911.09130
1910.03008

Conservative effects



Analytic

continuation

Liu RAP Yang
2102.10059

J total (canonical) 
angular momentum 

valid for (planar) spin dynamics  

Conservative bound radial action to 2PM order:

B2B correspondence

At the level of the radial action:

Kalin RAP

1911.09130
1910.03008

Conservative effects



1PN 2PN 2PN

3PN

4PN

5PNONE-LOOP  
EXACT!

B2B correspondence
Kalin RAP

1911.09130
1910.03008

Conservative effects



�Eell(J, E) =
I

dt
dE

dt
<latexit sha1_base64="KbK+KfpVxPArzjJ4HLjH3nSqaXw="></latexit>

�Ehyp(J, E) =
Z +1

�1
dt

dE

dt
<latexit sha1_base64="a9jlsaPoyJLwvIImXJmHltzQ2PA="></latexit>

dE

dt
(r, J, E) = dE

dt
(r,�J, E)

<latexit sha1_base64="F3bJta06LBqa6XzYzt3KlN/PeHk=">AAACJHicbVDLSsNAFJ34rPUVdelmsAgVakmqoCBCQQriqoJ9QFPKZDJph04mYWYilJCPceOvuHHhAxdu/BanbRa19cCFwzn3cu89bsSoVJb1bSwtr6yurec28ptb2zu75t5+U4axwKSBQxaKtoskYZSThqKKkXYkCApcRlru8Gbstx6JkDTkD2oUkW6A+pz6FCOlpZ555fgC4cSrpYmn0qIo3ZUSByMGa+kJvIbz7ums3TMLVtmaAC4SOyMFkKHeMz8cL8RxQLjCDEnZsa1IdRMkFMWMpHknliRCeIj6pKMpRwGR3WTyZAqPteJBPxS6uIITdXYiQYGUo8DVnQFSAznvjcX/vE6s/MtuQnkUK8LxdJEfM6hCOE4MelQQrNhIE4QF1bdCPEA6F6VzzesQ7PmXF0mzUrbPypX780K1ksWRA4fgCBSBDS5AFdyCOmgADJ7AC3gD78az8Wp8Gl/T1iUjmzkAf2D8/AIeNKMl</latexit>

Similar to radial action: Loop-around!

�Eell(J, E) = �Ehyp(J, E)��Ehyp(�J, E)
<latexit sha1_base64="kO975XGUbT2Bm/IfUqau+k60fcM=">AAACRnicbZBLSwMxFIXv1Fetr6pLN8EiKGiZqYJuhIIWxJWCfUBnKJn01oZmHiQZoQz9dW5cu/MnuHGhiFvTOgurPRA4nO9ekhw/Flxp236xcnPzC4tL+eXCyura+kZxc6uhokQyrLNIRLLlU4WCh1jXXAtsxRJp4Ats+oOLMW8+oFQ8Cu/0MEYvoPch73FGtYk6Rc+9RKEpqXVSVwYEhRjtXx+mLqOC1EYH59O4P4yn8NEMfPSLd4olu2xPRP4bJzMlyHTTKT673YglAYaaCapU27Fj7aVUas4EjgpuojCmbEDvsW1sSANUXjqpYUT2TNIlvUiaE2oySX9vpDRQahj4ZjKguq/+snE4i7UT3TvzUh7GicaQ/VzUSwTRERl3SrpcItNiaAxlkpu3EtankjJtmi+YEpy/X/5vGpWyc1yu3J6UqpWsjjzswC7sgwOnUIUruIE6MHiEV3iHD+vJerM+ra+f0ZyV7WzDlHLwDbwxrt8=</latexit>

E < 0
<latexit sha1_base64="rR1CBgIKzqJ+ma1tRv3A9u7uKQQ=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9OChKILHCvYDmlAm2227dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0wE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqihr0FjEqh2iZoJL1jDcCNZOFMMoFKwVjm6nfuuJKc1j+WjGCQsiHEje5xSNlfzMpyjI3YRcE7dbKrsVdwayTLyclCFHvVv68nsxTSMmDRWodcdzExNkqAyngk2KfqpZgnSEA9axVGLEdJDNbp6QU6v0SD9WtqQhM/X3RIaR1uMotJ0RmqFe9Kbif14nNf2rIOMySQ2TdL6onwpiYjINgPS4YtSIsSVIFbe3EjpEhdTYmIo2BG/x5WXSrFa880r14aJcu8njKMAxnMAZeHAJNbiHOjSAQgLP8ApvTuq8OO/Ox7x1xclnjuAPnM8fTXuQiw==</latexit>

2

Z +1

r̃�

dr

ṙ

dE

dt
(r, J, E)

<latexit sha1_base64="J+pbxchFv4wmIZqUqIC9Kfbh+L8="></latexit>

2

Z r+

r�

dr

ṙ

dE

dt
(r, J, E)

<latexit sha1_base64="zycvD9dBrGKmQ5EDF9e7qez5hl8="></latexit>

Adiabatic Approx.
Aligned-spin configurations

B2B correspondenceCho Kalin RAP 
2112.03976

Radiative effects?!



�Eell(J, E) =
I

dt
dE

dt
<latexit sha1_base64="KbK+KfpVxPArzjJ4HLjH3nSqaXw="></latexit>

�Ehyp(J, E) =
Z +1

�1
dt

dE

dt
<latexit sha1_base64="a9jlsaPoyJLwvIImXJmHltzQ2PA="></latexit>

E < 0
<latexit sha1_base64="rR1CBgIKzqJ+ma1tRv3A9u7uKQQ=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9OChKILHCvYDmlAm2227dLMJuxuhhP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0wE18Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NRxqihr0FjEqh2iZoJL1jDcCNZOFMMoFKwVjm6nfuuJKc1j+WjGCQsiHEje5xSNlfzMpyjI3YRcE7dbKrsVdwayTLyclCFHvVv68nsxTSMmDRWodcdzExNkqAyngk2KfqpZgnSEA9axVGLEdJDNbp6QU6v0SD9WtqQhM/X3RIaR1uMotJ0RmqFe9Kbif14nNf2rIOMySQ2TdL6onwpiYjINgPS4YtSIsSVIFbe3EjpEhdTYmIo2BG/x5WXSrFa880r14aJcu8njKMAxnMAZeHAJNbiHOjSAQgLP8ApvTuq8OO/Ox7x1xclnjuAPnM8fTXuQiw==</latexit>

2

Z +1

r̃�

dr

ṙ

dE

dt
(r, J, E)

<latexit sha1_base64="J+pbxchFv4wmIZqUqIC9Kfbh+L8="></latexit>

2

Z r+

r�

dr

ṙ

dE

dt
(r, J, E)

<latexit sha1_base64="zycvD9dBrGKmQ5EDF9e7qez5hl8="></latexit>

�Jell(J, E) = �Jhyp(J, E) +�Jhyp(�J, E)
<latexit sha1_base64="cdzUWCXpFDObBPzkr3BmG2UU5iU=">AAACSXicbVDJSgNBFOxJXGLcRj16aQxCRA0zUTAXIaCC5BTBLJAJsafzkjTpWejuEcKQ3/PizZv/4MWDIp7sLIcsFjwoqurR/coNOZPKst6NRHJldW09tZHe3Nre2TX39qsyiASFCg14IOoukcCZDxXFFId6KIB4Loea278Z+bVnEJIF/qMahND0SNdnHUaJ0lLLfHJugSuCS63YER4GzofZ0lnsUMLx3fAEX+P5QG8QzgVO//PPZwItM2PlrDHwMrGnJIOmKLfMN6cd0MgDX1FOpGzYVqiaMRGKUQ7DtBNJCAntky40NPWJB7IZj5sY4mOttHEnEHp8hcfq7EZMPCkHnquTHlE9ueiNxP+8RqQ6hWbM/DBS4NPJQ52IYxXgUa24zQRQxQeaECqY/iumPSIIVbr8tC7BXjx5mVTzOfsil3+4zBQL0zpS6BAdoSyy0RUqontURhVE0Qv6QF/o23g1Po0f43cSTRjTnQM0h0TyDxVJr3A=</latexit>

Sign flips 

Similar to periastron to angle

Similar to radial action: Loop-around!

dJ

dt
(r, J, E) = �dJ

dt
(r,�J, E)

<latexit sha1_base64="+Sw5T4QVfhycZRl6v2gChoQoYus=">AAACJXicbVDLSsNAFJ34rPUVdelmsAgV2pJUwS4UCiJIVxXsA5pQJpNJO3TyYGYilJCfceOvuHFhEcGVv+K0zaK2Hhg4nHMud+5xIkaFNIxvbW19Y3NrO7eT393bPzjUj47bIow5Ji0cspB3HSQIowFpSSoZ6UacIN9hpOOM7qZ+55lwQcPgSY4jYvtoEFCPYiSV1NdvLI8jnLiNNHFlWuSlRimxMGLwPr2At7AMl/3yQqCvF4yKMQNcJWZGCiBDs69PLDfEsU8CiRkSomcakbQTxCXFjKR5KxYkQniEBqSnaIB8IuxkdmUKz5XiQi/k6gUSztTFiQT5Qox9RyV9JIdi2ZuK/3m9WHo1O6FBFEsS4PkiL2ZQhnBaGXQpJ1iysSIIc6r+CvEQqVqkKjavSjCXT14l7WrFvKxUH68K9VpWRw6cgjNQBCa4BnXwAJqgBTB4AW/gA0y0V+1d+9S+5tE1LZs5AX+g/fwCoyajbA==</latexit>
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Radiative effects?!



only odd terms survive


B2B correspondence

�Eell(J, E) = �Ehyp(J, E)��Ehyp(�J, E)
<latexit sha1_base64="kO975XGUbT2Bm/IfUqau+k60fcM=">AAACRnicbZBLSwMxFIXv1Fetr6pLN8EiKGiZqYJuhIIWxJWCfUBnKJn01oZmHiQZoQz9dW5cu/MnuHGhiFvTOgurPRA4nO9ekhw/Flxp236xcnPzC4tL+eXCyura+kZxc6uhokQyrLNIRLLlU4WCh1jXXAtsxRJp4Ats+oOLMW8+oFQ8Cu/0MEYvoPch73FGtYk6Rc+9RKEpqXVSVwYEhRjtXx+mLqOC1EYH59O4P4yn8NEMfPSLd4olu2xPRP4bJzMlyHTTKT673YglAYaaCapU27Fj7aVUas4EjgpuojCmbEDvsW1sSANUXjqpYUT2TNIlvUiaE2oySX9vpDRQahj4ZjKguq/+snE4i7UT3TvzUh7GicaQ/VzUSwTRERl3SrpcItNiaAxlkpu3EtankjJtmi+YEpy/X/5vGpWyc1yu3J6UqpWsjjzswC7sgwOnUIUruIE6MHiEV3iHD+vJerM+ra+f0ZyV7WzDlHLwDbwxrt8=</latexit>

Cho Kalin RAP 
2112.03976

Radiative effects?!

NLO PN result:

analytic continuation:

From losses we  
can reconstruct 

fluxes and/or F_rr



“Tail effect”
(scattering off of the
geometry sourced

by the binary)

log v
<latexit sha1_base64="PxXo5VtFV7gfYFfHf61pmv3lLTw=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2Fpol5JNs21sNlmSbKEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqGZVqyppUCaXbITFMcMmallvB2olmJA4FewxHtzP/ccy04Uo+2EnCgpgMJI84JdZJra5QAzzulSte1ZsDrxI/JxXI0eiVv7p9RdOYSUsFMabje4kNMqItp4JNS93UsITQERmwjqOSxMwE2fzaKT5zSh9HSruSFs/V3xMZiY2ZxKHrjIkdmmVvJv7ndVIbXQcZl0lqmaSLRVEqsFV49jruc82oFRNHCNXc3YrpkGhCrQuo5ELwl19eJa1a1b+o1u4vK/WbPI4inMApnIMPV1CHO2hAEyg8wTO8whtS6AW9o49FawHlM8fwB+jzB0byju4=</latexit>

0PN 1PN 2PN 3PN 4PN 5PN 6PN

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘
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G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

Chandra,

Ohta et al.


(70’s)

Blanchet,

Damour, et al. 


(00’)

Damour et al.,

Blanchet et al.


Foffa et al. 
(2015-19’)

Halley

Hooke


Newton 

(16XX)

Droste

EIH 


(1916)

Nonlocality in time
Fails for nonlocal 

Interactions 

Hyperbolic does not 
fully describe elliptic! 


UNIVERSAL FORM 
(IR/UV MIXING + OPTICAL THM) 



Apply B2B!

Integration problem  
depends on two scales  

(velocity and mass ratio)! 
EXACT SOLUTION ITERATED  

ELLPTICS 

Integrand read off 
from rad1 (on shell k)  

region of 3PM 
nSF order 

(expanded in  
Mass ratio) 

LOGS ARE  
UNIVERSAL!

MOST ACCURATE 
DESCRIPTION TO DATE 

DERIVED FROM 
SCATTERING DATA!



MOST ACCURATE 
DESCRIPTION TO DATE 

DERIVED FROM 
SCATTERING DATA!

Integrand read off 
from rad1 (on shell k)  

regions of 4PM 

Answer depends on MPLs up to weight 3 with y=1-x and 5 letters (0,1,2,1+i,1-i)

Derive local-in-time counterpart



Logs are universal 
(PN-exact) fixed  
by radiated flux

Perfect agreement with state of the art in PN!

All orders  
in velocity!

Known 
to 6PN order Implemented also in the “EOB gauge”

5PM/1SF results  
on the way!

MOST ACCURATE 
DESCRIPTION TO DATE 

DERIVED FROM 
SCATTERING DATA!

We provide a resummed 
(gauge-invariant) version  

of local+W2 instead



Impetus

ir
<latexit sha1_base64="psc4xZ9JIyHkjj8EInIAAZU7jCA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPuqX664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj91Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5sMuEJmxMQSyhS3txI2oooyY9Mp2RC85ZdXSatW9S6qtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP1iojdY=</latexit>

B2B

iboundr (j, E) = iunboundr (j, E)� iunboundr (�j, E)
<latexit sha1_base64="mTU6L9XWdDVmGQC1Gso7uJJGpFs=">AAACO3icbZBLSwMxFIUzPmt9jbp0EyxCBVtmqqAboSiCyyr2Ae04ZDJpG5vJDElGKEP/lxv/hDs3blwo4ta9aTuL2vZC4HC+e7m5x4sYlcqy3oyFxaXlldXMWnZ9Y3Nr29zZrckwFphUcchC0fCQJIxyUlVUMdKIBEGBx0jd610Nef2JCElDfq/6EXEC1OG0TTFS2nLNO/qQeGHM/YEr8o/HSQsjBq8HR/ACahLzuQwWpmBhkrpmzipao4Kzwk5FDqRVcc3Xlh/iOCBcYYakbNpWpJwECUUxI4NsK5YkQriHOqSpJUcBkU4yun0AD7Xjw3Yo9OMKjtzJiQQFUvYDT3cGSHXlNBua81gzVu1zJ6E8ihXheLyoHTOoQjgMEvpUEKxYXwuEBdV/hbiLBMJKx53VIdjTJ8+KWqlonxRLt6e58mUaRwbsgwOQBzY4A2VwAyqgCjB4Bu/gE3wZL8aH8W38jFsXjHRmD/wr4/cPW8esaA==</latexit>

B2B

Worldline EFT approach state-of-the-art in PN/PM

G5
⇣
1 + v2 + · · ·

⌘

<latexit sha1_base64="5Yw2Rub01khAZJ9w8V5oUhK0NWY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQaSlJVXRZ6kKXFewDmrRMJpN26OTBzKRQQvdu/BU3LhRx6w+4829M0iy09cCFwzn3cu89VsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvN5z0KCMOqRtqSSkV7ACXItRrrW5Cbxu1PCBfW9BzkLiOmikUcdipGMpaFavB1cGk06gmW9AqeDulE1qhUD274UMNXPCkO1pNW0FHCV6BkpgQytofpl2D4OXeJJzJAQfV0LpBkhLilmZF4wQkEChCdoRPox9ZBLhBmlv8zhaazY0PF5XJ6Eqfp7IkKuEDPXijtdJMdi2UvE/7x+KJ1rM6JeEEri4cUiJ2RQ+jAJBtqUEyzZLCYIcxrfCvEYcYRlHF8Sgr788irp1Gv6ea1+f1FqNLM48uAEFEEZ6OAKNMAdaIE2wOARPINX8KY8KS/Ku/KxaM0p2cwx+APl8wezv5eq</latexit>

G
⇣
1 + v2 + v4 + v6 + v8 + v10 + · · ·

⌘

<latexit sha1_base64="mwN7vokSQNtbjqzFRSgfYjdX65c=">AAACHnicbVDLSsNAFJ3UV62vqEs3g0WoFEpSq3ZZ6kKXFWwrNLFMJpN26OTBzKRQQr/Ejb/ixoUigiv9GydpF9p6YA6Hc+/lzj1OxKiQhvGt5VZW19Y38puFre2d3T19/6Ajwphj0sYhC/m9gwRhNCBtSSUj9xEnyHcY6Tqjq7TeHRMuaBjcyUlEbB8NAupRjKSy+vr5tdWkA1gyy3D8UE2pltIFTLmecWIa07KF3VAKmDWfFvp60agYGeCyMOeiCOZo9fVPyw1x7JNAYoaE6JlGJO0EcUkxI9OCFQsSITxCA9JTMkA+EXaSnTeFJ8pxoRdy9QIJM/f3RIJ8ISa+ozp9JIdisZaa/9V6sfTqdkKDKJYkwLNFXsygDGGaFXQpJ1iyiRIIc6r+CvEQcYSlSjQNwVw8eVl0qhXzrFK9rRUbzXkceXAEjkEJmOASNMANaIE2wOARPINX8KY9aS/au/Yxa81p85lD8Afa1w8B6Z18</latexit>

G2
⇣
1 + v2 + v4 + v6 + v8 + · · ·

⌘

<latexit sha1_base64="BJwV8C8eo+xLke0pM0482HZw/9Y=">AAACG3icbVDLTsJAFJ3iC/FVdelmIjHBQEhbibIkuNAlJgImtJDpdIAJ00dmpiSk4T/c+CtuXGiMKxMX/o1t6ULBm8zJybnn5s49dsCokJr2reTW1jc2t/LbhZ3dvf0D9fCoI/yQY9LGPvP5g40EYdQjbUklIw8BJ8i1Genak+uk350SLqjv3ctZQCwXjTw6pBjJWBqoxk3fMJt0BEt6GU77RgK1BC5hgnWzYlbKJnZ8KWDqOy8M1KJW1dKCq0TPSBFk1Rqon6bj49AlnsQMCdHTtUBaEeKSYkbmBTMUJEB4gkakF1MPuURYUXrbHJ7FigOHPo+fJ2Gq/p6IkCvEzLVjp4vkWCz3EvG/Xi+Uw7oVUS8IJfHwYtEwZFD6MAkKOpQTLNksJghzGv8V4jHiCMs4ziQEffnkVdIxqvpF1birFRvNLI48OAGnoAR0cAUa4Ba0QBtg8AiewSt4U56UF+Vd+VhYc0o2cwz+lPL1A/EHnGY=</latexit>

G3
⇣
1 + v2 + v4 + v6 + · · ·

⌘

<latexit sha1_base64="L9GZRxcet5mfzPr5xLK0m+RWl2A=">AAACF3icbVDLTsJAFJ3iC/FVdelmIjHBQEgLRF0SXOgSEwETWsh0OoUJ00dmpiSk4S/c+CtuXGiMW935N7alCwVvMjcn55ybO/dYAaNCatq3kltb39jcym8Xdnb39g/Uw6Ou8EOOSQf7zOcPFhKEUY90JJWMPAScINdipGdNrhO9NyVcUN+7l7OAmC4aedShGMmYGqrVm0HdaNERLOllOB3UktZI2gWERsWolA1s+1LA1HNeGKpFraqlBVeBnoEiyKo9VL8M28ehSzyJGRKir2uBNCPEJcWMzAtGKEiA8ASNSD+GHnKJMKP0rjk8ixkbOj6Pnydhyv6eiJArxMy1YqeL5Fgsawn5n9YPpXNlRtQLQkk8vFjkhAxKHyYhQZtygiWbxQBhTuO/QjxGHGEZR5mEoC+fvAq6taper9buGsVmK4sjD07AKSgBHVyCJrgFbdABGDyCZ/AK3pQn5UV5Vz4W1pySzRyDP6V8/gBQ9ZsI</latexit>

G4
⇣
1 + v2 + v4 + · · ·

⌘

<latexit sha1_base64="HJDTCBQbqb1K9wgNC1MfN7AfJ3E=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WstJSkFnRZ6kKXFewDmrRMJpN26OTBzKRQQj/Bjb/ixoUibl26829M0iy09cC9HM65l5l7rIBRITXtW8mtrW9sbuW3Czu7e/sH6uFRR/ghx6SNfebznoUEYdQjbUklI72AE+RajHStyU3id6eEC+p7D3IWENNFI486FCMZS0P1/HZQN5p0BEt6GU4HtaTVjYpRKRvY9qWAqXlRGKpFraqlgKtEz0gRZGgN1S/D9nHoEk9ihoTo61ogzQhxSTEj84IRChIgPEEj0o+ph1wizCg9aA7PYsWGjs/j8iRM1d8bEXKFmLlWPOkiORbLXiL+5/VD6VybEfWCUBIPLx5yQgalD5N0oE05wZLNYoIwp/FfIR4jjrCMM0xC0JdPXiWdWlW/rNbu68VGM4sjD07AKSgBHVyBBrgDLdAGGDyCZ/AK3pQn5UV5Vz4Wozkl2zkGf6B8/gCeVpku</latexit>

“[…] We control the vertical… 
We control the horizontal”



“Waveforms will be far more complex and carry more 
information than expected. Improved modeling will be 

needed for extracting the GW’s information”

Kip Thorne

(Last 3 mins)      

German Center for  
Astrophysics to Lausitz! Are we ready 

for the future?

          

1993

& ASTRONOMERS

xkcd



Are we ready 

for the future?

          

“Waveforms will be far more complex and carry more 
information than expected. Improved modeling will be 

needed for extracting the GW’s information”

Kip Thorne

(Last 3 mins)      

1993

German Center for  
Astrophysics to Lausitz!

& ASTRONOMERS

xkcd



NYT 1991

01.01.203X

New particles discovered!  
Black holes unveiled! 
Einstein was right?! 

 

Die Zeit 

New era of investigations through 
GW precision data! 

Thank 
you!

zombie  
Feynman 

xkcd

EinsTein reloaded!



• Energy/Frequency Frontier
• Luminosity Frontier

‘New Physics  
Threshold’

“Waveforms will be far more complex and carry more 
information than expected. Improved modeling will be 

needed for extracting the GW’s information”

Kip Thorne      1993 

& ASTRONOMERS

xkcd



Energy [eV]

Strong

EM

Weak
10�20

<latexit sha1_base64="BWh4UCXz2rEOr3aB4OquX+1AYVM=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPBi8cK9gPaWDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbG6x3HC/YgOlAgFo2iltuc+ZOdVd9Irld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsdu+EnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMNrPxMqSZErNl8UppJgTKbPk77QnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXvolK9uyzXqnkcBTiGEzgDD66gBrdQhwYwkPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHqOWPBA==</latexit>

10�10
<latexit sha1_base64="zsXZuhvIf1ZeYElmpK/ZVKfnRO8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMYB6QrGF2MkmGzM6uM71CWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqHscx90M6UKIvGEUrtTz3IT3z3Em3WHLL7gxkmXgZKUGGWrf41elFLAm5QiapMW3PjdFPqUbBJJ8UOonhMWUjOuBtSxUNufHT2b0TcmKVHulH2pZCMlN/T6Q0NGYcBrYzpDg0i95U/M9rJ9i/8lOh4gS5YvNF/UQSjMj0edITmjOUY0so08LeStiQasrQRlSwIXiLLy+TRqXsnZcrdxel6nUWRx6O4BhOwYNLqMIt1KAODCQ8wyu8OY/Oi/PufMxbc042cwh/4Hz+AKwvjxM=</latexit> 1

<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>

1010
<latexit sha1_base64="zlCuyoK/OCyMS3pcvTsIm4pwP6U=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2iltuc+Zp477ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QNBSo7c</latexit>

1
<latexit sha1_base64="TtIgPQprnJE4HSS++PuM3etxya8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe+uMuQ==</latexit>1010

<latexit sha1_base64="zlCuyoK/OCyMS3pcvTsIm4pwP6U=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0sWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2iltuc+Zp477ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/d0rOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwzO8wpuTOC/Ou/OxaC04+cwx/IHz+QNBSo7c</latexit>

1020
<latexit sha1_base64="r0UZHDyvNV4wue1Fi5bXYMIxyVY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0sWy2k3bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU9tzHrOZO++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wdC0I7d</latexit>

Distance [Km]

Gravitational Collider Physics
Baumann Chia RAP 19’

Baumann Chia RAP Stout 20’


NEW frontier in particle physics

‘New Physics’ 
Threshold



. . .

First detection

xkcd

UNCHARTED TERRITORY!

. . .



Goldberger Ross

0912.4254

OPTICAL  
THEOREM

= (1 + 2⇡GM!)
<latexit sha1_base64="x/Z88YGGcW69tqqs8RXe0OlZ22A=">AAACBnicbVDJSgNBEO2JW4zbqEcRGoMQEcJMFPQY9KAXIYJZIBNCT6cmadKz0F0jhJCTF3/FiwdFvPoN3vwbO8tBow8KHu9VUVXPT6TQ6DhfVmZhcWl5JbuaW1vf2Nyyt3dqOk4VhyqPZawaPtMgRQRVFCihkShgoS+h7vcvx379HpQWcXSHgwRaIetGIhCcoZHa9r4nIcCCe1zyEkGv6I0Xh9BlnhLdHh617bxTdCagf4k7I3kyQ6Vtf3qdmKchRMgl07rpOgm2hkyh4BJGOS/VkDDeZ11oGhqxEHRrOHljRA+N0qFBrExFSCfqz4khC7UehL7pDBn29Lw3Fv/zmikG562hiJIUIeLTRUEqKcZ0nAntCAUc5cAQxpUwt1LeY4pxNMnlTAju/Mt/Sa1UdE+KpdvTfPliFkeW7JEDUiAuOSNlck0qpEo4eSBP5IW8Wo/Ws/VmvU9bM9ZsZpf8gvXxDRjgl58=</latexit>

M
<latexit sha1_base64="cBmNWM9IqT8PRhojWamD+lJ/YL0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgB4DXrwICZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs1LjvF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ61K2bsqVxrVUq2axZGHMziHS/DgGmpwB3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH6IljMc=</latexit> 2

(Feynman b.c.)

Energy  
spectrum!

QL
<latexit sha1_base64="Y5QpYLxOtJEbncCXOLzXZ4rKSTI=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0MaBmwsbBI0HxAcoa9zV6yZG/v2J0TQshPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6387a+sbm1nZuJ7+7t39wWDg6bpo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjczv/XEtRGxesBxwv2IDpQIBaNopfv6412vUHRL7hxklXgZKUKGWq/w1e3HLI24QiapMR3PTdCfUI2CST7Nd1PDE8pGdMA7lioaceNP5qdOyblV+iSMtS2FZK7+npjQyJhxFNjOiOLQLHsz8T+vk2J47U+ESlLkii0WhakkGJPZ36QvNGcox5ZQpoW9lbAh1ZShTSdvQ/CWX14lzXLJuyyV65VitZLFkYNTOIML8OAKqnALNWgAgwE8wyu8OdJ5cd6dj0XrmpPNnMAfOJ8/9LaNiQ==</latexit>

QL
<latexit sha1_base64="Y5QpYLxOtJEbncCXOLzXZ4rKSTI=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0MaBmwsbBI0HxAcoa9zV6yZG/v2J0TQshPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6387a+sbm1nZuJ7+7t39wWDg6bpo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjczv/XEtRGxesBxwv2IDpQIBaNopfv6412vUHRL7hxklXgZKUKGWq/w1e3HLI24QiapMR3PTdCfUI2CST7Nd1PDE8pGdMA7lioaceNP5qdOyblV+iSMtS2FZK7+npjQyJhxFNjOiOLQLHsz8T+vk2J47U+ESlLkii0WhakkGJPZ36QvNGcox5ZQpoW9lbAh1ZShTSdvQ/CWX14lzXLJuyyV65VitZLFkYNTOIML8OAKqnALNWgAgwE8wyu8OdJ5cd6dj0XrmpPNnMAfOJ8/9LaNiQ==</latexit> 2

To appear 

Conservative!
Radiative effects

!
d�

d!
<latexit sha1_base64="AcEuy7Y76o60o2wH9IBTQf3rRaI=">AAACB3icbZDLSsNAFIYnXmu9VV0KMlgEVyWpgl0WXOiygr1AE8rJZNIOnUnCzEQoITs3voobF4q49RXc+TZO2yy09YeBj/+cw5nz+wlnStv2t7Wyura+sVnaKm/v7O7tVw4OOypOJaFtEvNY9nxQlLOItjXTnPYSSUH4nHb98fW03n2gUrE4uteThHoChhELGQFtrEHlxI0FHQJ2QwkkC9wbEAJyAzM7H1Sqds2eCS+DU0AVFWoNKl9uEJNU0EgTDkr1HTvRXgZSM8JpXnZTRRMgYxjSvsEIBFVeNrsjx2fGCXAYS/MijWfu74kMhFIT4ZtOAXqkFmtT879aP9Vhw8tYlKSaRmS+KEw51jGehoIDJinRfGIAiGTmr5iMwCSiTXRlE4KzePIydOo156JWv7usNhtFHCV0jE7ROXLQFWqiW9RCbUTQI3pGr+jNerJerHfrY966YhUzR+iPrM8fdqiZqg==</latexit>

=
Z

d!

✓
i⇡GM

dE

d!
+ · · ·

◆

<latexit sha1_base64="gSLNZeUHQLXXckrljIzhfjBkzY8="></latexit>

B2B correspondence



pole+log coincide  
conservative tail

= GM

Z
d!

dE

d!

✓
� 1

d� 4
� log(!2/µ2) + i⇡sign(!) · · ·

◆

<latexit sha1_base64="1eRcdN7gVgK5cEf0e91SrvXnhps="></latexit>

Galley Leibovich 

RAP Ross


1511.07379
in-in b.c.

To appear 

Se↵ = �
Z

Htaildt
<latexit sha1_base64="e2py6MQI2KtbQjQ3bo2C6wGPy04=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwY0lqQTdCwU2XFe0D2hAm00k7dCYJMzdCCf0BN/6KGxeKuHXvzr9x+lho64ELh3Pu5d57gkRwDY7zbeVWVtfWN/Kbha3tnd09e/+gqeNUUdagsYhVOyCaCR6xBnAQrJ0oRmQgWCsY3kz81gNTmsfRPYwS5knSj3jIKQEj+fbJnZ91lcQsDMf4Gp93eQS4NtOAcDHGPcC+XXRKzhR4mbhzUkRz1H37q9uLaSpZBFQQrTuuk4CXEQWcCjYudFPNEkKHpM86hkZEMu1l02/G+NQoPRzGypQ5Zqr+nsiI1HokA9MpCQz0ojcR//M6KYRXXsajJAUW0dmiMBUYYjyJBve4YhTEyBBCFTe3YjogilAwARZMCO7iy8ukWS65F6XybaVYrczjyKMjdIzOkIsuURXVUB01EEWP6Bm9ojfryXqx3q2PWWvOms8coj+wPn8AWOyabA==</latexit>

H
loc
tail /

dE

dt
<latexit sha1_base64="45o9P4/5+nmuzwljGNbviDxllak=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRV0GVRhC4r2Ac0tUwmk3boJBNmboQS8hNu/BU3LhRxK7jzb5w+Ftp6YOBwzr3cOcdPBNfgON/W0vLK6tp6YaO4ubW9s2vv7Te1TBVlDSqFVG2faCZ4zBrAQbB2ohiJfMFa/vB67LcemNJcxncwSlg3Iv2Yh5wSMFLPPq31Mk9FGAgX+f2ECklz7CVKJiCxFypCs+AmzwLIe3bJKTsT4EXizkgJzVDv2V9eIGkasRioIFp3XCeBbkYUcCpYXvRSzRJCh6TPOobGJGK6m01S5fjYKAEOpTIvBjxRf29kJNJ6FPlmMiIw0PPeWPzP66QQXnYzHicpsJhOD4WpwCbuuCIccMUoiJEhhCpu/orpgJgewBRZNCW485EXSbNSds/KldvzUvVqVkcBHaIjdIJcdIGqqIbqqIEoekTP6BW9WU/Wi/VufUxHl6zZzgH6A+vzB3KCn6M=</latexit>

Dissipative 

term

1

d� 4
[�(! + i0+)2]d�4

<latexit sha1_base64="lPgKTimPTik+ouXq2+nmRFMZltM=">AAACDnicbVBNS8NAEN3Ur1q/oh69BEuhUlqSWrDHghePFWwrNGnZbDbt0s0m7G6EEvILvPhXvHhQxKtnb/4bt2kO2vpg4PHeDDPz3IgSIU3zWytsbG5t7xR3S3v7B4dH+vFJX4QxR7iHQhryexcKTAnDPUkkxfcRxzBwKR64s+uFP3jAXJCQ3cl5hJ0AThjxCYJSSWO9YvscosRKE6/eSof1qh0GeAJrxBzVLkZNZ5TpY71sNswMxjqxclIGObpj/cv2QhQHmElEoRBDy4ykk0AuCaI4LdmxwBFEMzjBQ0UZDLBwkuyd1KgoxTP8kKti0sjU3xMJDISYB67qDKCcilVvIf7nDWPpt52EsCiWmKHlIj+mhgyNRTaGRzhGks4VgYgTdauBplDlI1WCJRWCtfryOuk3G9Zlo3nbKnfaeRxFcAbOQRVY4Ap0wA3ogh5A4BE8g1fwpj1pL9q79rFsLWj5zCn4A+3zB6Qamog=</latexit>

Goldberger Ross

0912.4254

=

= (1 + 2⇡GM!)
<latexit sha1_base64="x/Z88YGGcW69tqqs8RXe0OlZ22A=">AAACBnicbVDJSgNBEO2JW4zbqEcRGoMQEcJMFPQY9KAXIYJZIBNCT6cmadKz0F0jhJCTF3/FiwdFvPoN3vwbO8tBow8KHu9VUVXPT6TQ6DhfVmZhcWl5JbuaW1vf2Nyyt3dqOk4VhyqPZawaPtMgRQRVFCihkShgoS+h7vcvx379HpQWcXSHgwRaIetGIhCcoZHa9r4nIcCCe1zyEkGv6I0Xh9BlnhLdHh617bxTdCagf4k7I3kyQ6Vtf3qdmKchRMgl07rpOgm2hkyh4BJGOS/VkDDeZ11oGhqxEHRrOHljRA+N0qFBrExFSCfqz4khC7UehL7pDBn29Lw3Fv/zmikG562hiJIUIeLTRUEqKcZ0nAntCAUc5cAQxpUwt1LeY4pxNMnlTAju/Mt/Sa1UdE+KpdvTfPliFkeW7JEDUiAuOSNlck0qpEo4eSBP5IW8Wo/Ws/VmvU9bM9ZsZpf8gvXxDRjgl58=</latexit>

M
<latexit sha1_base64="cBmNWM9IqT8PRhojWamD+lJ/YL0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgB4DXrwICZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+Hbut59QaR7LBzNJ0I/oUPKQM2qs1LjvF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ61K2bsqVxrVUq2axZGHMziHS/DgGmpwB3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH6IljMc=</latexit> 2QL

<latexit sha1_base64="Y5QpYLxOtJEbncCXOLzXZ4rKSTI=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0MaBmwsbBI0HxAcoa9zV6yZG/v2J0TQshPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6387a+sbm1nZuJ7+7t39wWDg6bpo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjczv/XEtRGxesBxwv2IDpQIBaNopfv6412vUHRL7hxklXgZKUKGWq/w1e3HLI24QiapMR3PTdCfUI2CST7Nd1PDE8pGdMA7lioaceNP5qdOyblV+iSMtS2FZK7+npjQyJhxFNjOiOLQLHsz8T+vk2J47U+ESlLkii0WhakkGJPZ36QvNGcox5ZQpoW9lbAh1ZShTSdvQ/CWX14lzXLJuyyV65VitZLFkYNTOIML8OAKqnALNWgAgwE8wyu8OdJ5cd6dj0XrmpPNnMAfOJ8/9LaNiQ==</latexit>

QL
<latexit sha1_base64="Y5QpYLxOtJEbncCXOLzXZ4rKSTI=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0MaBmwsbBI0HxAcoa9zV6yZG/v2J0TQshPsLFQxNZfZOe/cZNcoYkPBh7vzTAzL0ikMOi6387a+sbm1nZuJ7+7t39wWDg6bpo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjczv/XEtRGxesBxwv2IDpQIBaNopfv6412vUHRL7hxklXgZKUKGWq/w1e3HLI24QiapMR3PTdCfUI2CST7Nd1PDE8pGdMA7lioaceNP5qdOyblV+iSMtS2FZK7+npjQyJhxFNjOiOLQLHsz8T+vk2J47U+ESlLkii0WhakkGJPZ36QvNGcox5ZQpoW9lbAh1ZShTSdvQ/CWX14lzXLJuyyV65VitZLFkYNTOIML8OAKqnALNWgAgwE8wyu8OdJ5cd6dj0XrmpPNnMAfOJ8/9LaNiQ==</latexit> 2

1

d� 4
[�!2 � i0+]d�4

<latexit sha1_base64="jXYKEtkWV0LsQHAvBtyqReIR0wc="></latexit>

Ret

Feyn

(Feynman b.c.)

OPTICAL  
THEOREM

Z
d!

✓
i⇡GM

dE

d!
+ · · ·

◆

<latexit sha1_base64="gSLNZeUHQLXXckrljIzhfjBkzY8="></latexit>

See also

Foffa Sturani

2103.03190

B2B correspondence
Conservative!

Radiative effects



�Eell(J, E) = �Ehyp(J, E)��Ehyp(�J, E)
<latexit sha1_base64="kO975XGUbT2Bm/IfUqau+k60fcM=">AAACRnicbZBLSwMxFIXv1Fetr6pLN8EiKGiZqYJuhIIWxJWCfUBnKJn01oZmHiQZoQz9dW5cu/MnuHGhiFvTOgurPRA4nO9ekhw/Flxp236xcnPzC4tL+eXCyura+kZxc6uhokQyrLNIRLLlU4WCh1jXXAtsxRJp4Ats+oOLMW8+oFQ8Cu/0MEYvoPch73FGtYk6Rc+9RKEpqXVSVwYEhRjtXx+mLqOC1EYH59O4P4yn8NEMfPSLd4olu2xPRP4bJzMlyHTTKT673YglAYaaCapU27Fj7aVUas4EjgpuojCmbEDvsW1sSANUXjqpYUT2TNIlvUiaE2oySX9vpDRQahj4ZjKguq/+snE4i7UT3TvzUh7GicaQ/VzUSwTRERl3SrpcItNiaAxlkpu3EtankjJtmi+YEpy/X/5vGpWyc1yu3J6UqpWsjjzswC7sgwOnUIUruIE6MHiEV3iHD+vJerM+ra+f0ZyV7WzDlHLwDbwxrt8=</latexit>

 

See also


Bini Damour

2007.11239

(local)

The local conservative B2B map remains the same! (runs both ways)

(local)

Same map for 

orbital elements 


and Firsov

To appear 

�Sbound
r = � 1

2⇡

I
Htaildt

<latexit sha1_base64="QyOBuHghhefwDAqVdwpGSDDleBk="></latexit>

�Sunbound
r = � 1

2⇡

Z +1

�1
Htaildt

<latexit sha1_base64="GhI0UtG56FCy/QFjZNkcsWr9US0="></latexit>

Local Conservative
Radiative effects

iboundr (j, E) = iunboundr (j, E)� iunboundr (�j, E)
<latexit sha1_base64="mTU6L9XWdDVmGQC1Gso7uJJGpFs=">AAACO3icbZBLSwMxFIUzPmt9jbp0EyxCBVtmqqAboSiCyyr2Ae04ZDJpG5vJDElGKEP/lxv/hDs3blwo4ta9aTuL2vZC4HC+e7m5x4sYlcqy3oyFxaXlldXMWnZ9Y3Nr29zZrckwFphUcchC0fCQJIxyUlVUMdKIBEGBx0jd610Nef2JCElDfq/6EXEC1OG0TTFS2nLNO/qQeGHM/YEr8o/HSQsjBq8HR/ACahLzuQwWpmBhkrpmzipao4Kzwk5FDqRVcc3Xlh/iOCBcYYakbNpWpJwECUUxI4NsK5YkQriHOqSpJUcBkU4yun0AD7Xjw3Yo9OMKjtzJiQQFUvYDT3cGSHXlNBua81gzVu1zJ6E8ihXheLyoHTOoQjgMEvpUEKxYXwuEBdV/hbiLBMJKx53VIdjTJ8+KWqlonxRLt6e58mUaRwbsgwOQBzY4A2VwAyqgCjB4Bu/gE3wZL8aH8W38jFsXjHRmD/wr4/cPW8esaA==</latexit>

Se↵ = �
Z

Htaildt
<latexit sha1_base64="e2py6MQI2KtbQjQ3bo2C6wGPy04=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwY0lqQTdCwU2XFe0D2hAm00k7dCYJMzdCCf0BN/6KGxeKuHXvzr9x+lho64ELh3Pu5d57gkRwDY7zbeVWVtfWN/Kbha3tnd09e/+gqeNUUdagsYhVOyCaCR6xBnAQrJ0oRmQgWCsY3kz81gNTmsfRPYwS5knSj3jIKQEj+fbJnZ91lcQsDMf4Gp93eQS4NtOAcDHGPcC+XXRKzhR4mbhzUkRz1H37q9uLaSpZBFQQrTuuk4CXEQWcCjYudFPNEkKHpM86hkZEMu1l02/G+NQoPRzGypQ5Zqr+nsiI1HokA9MpCQz0ojcR//M6KYRXXsajJAUW0dmiMBUYYjyJBve4YhTEyBBCFTe3YjogilAwARZMCO7iy8ukWS65F6XybaVYrczjyKMjdIzOkIsuURXVUB01EEWP6Bm9ojfryXqx3q2PWWvOms8coj+wPn8AWOyabA==</latexit>

H
loc
tail /

dE

dt
<latexit sha1_base64="45o9P4/5+nmuzwljGNbviDxllak=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRV0GVRhC4r2Ac0tUwmk3boJBNmboQS8hNu/BU3LhRxK7jzb5w+Ftp6YOBwzr3cOcdPBNfgON/W0vLK6tp6YaO4ubW9s2vv7Te1TBVlDSqFVG2faCZ4zBrAQbB2ohiJfMFa/vB67LcemNJcxncwSlg3Iv2Yh5wSMFLPPq31Mk9FGAgX+f2ECklz7CVKJiCxFypCs+AmzwLIe3bJKTsT4EXizkgJzVDv2V9eIGkasRioIFp3XCeBbkYUcCpYXvRSzRJCh6TPOobGJGK6m01S5fjYKAEOpTIvBjxRf29kJNJ6FPlmMiIw0PPeWPzP66QQXnYzHicpsJhOD4WpwCbuuCIccMUoiJEhhCpu/orpgJgewBRZNCW485EXSbNSds/KldvzUvVqVkcBHaIjdIJcdIGqqIbqqIEoekTP6BW9WU/Wi/VufUxHl6zZzgH6A+vzB3KCn6M=</latexit>

B2B correspondence



Total (L+NL) 
Conserv.

To appear 

Z 1

r̃�

dr

pr
Htail

<latexit sha1_base64="BdzEOZbICsAPGryZJz3i5ymik/g=">AAACIHicbVDLSsNAFJ34rPVVdelmsAhuLEkV6rLopssK9gFNDZPJpB06mYSZG6GEfIobf8WNC0V0p1/j9LHQ1gMDh3PO5c49fiK4Btv+slZW19Y3Ngtbxe2d3b390sFhW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/upn4nQemNI/lHYwT1o/IQPKQUwJG8ko1l0vwMhe4CBhW3nl+nxkphHGO3VARmgUqzxJP5bhhYirCQLjIsVcq2xV7CrxMnDkpozmaXunTDWKaRkwCFUTrnmMn0M+IAk4Fy4tuqllC6IgMWM9QSSKm+9n0wByfGiXAYazMk4Cn6u+JjERajyPfJCMCQ73oTcT/vF4K4VU/4zJJgUk6WxSmAkOMJ23hgCtGQYwNIVRx81dMh8TUAqbToinBWTx5mbSrFeeiUr29LNev53UU0DE6QWfIQTVURw3URC1E0SN6Rq/ozXqyXqx362MWXbHmM0foD6zvH0DOpD4=</latexit>

Z r+

r�

dr

pr
Htail

<latexit sha1_base64="KvSqUKfStkz9WbFAM2MWo9CSmpo=">AAACF3icbVBNS8QwEE39dv2qevQSXARBLK0KehS9eFRwP2C7ljSbrsE0LclUWEL/hRf/ihcPinjVm//G7NqD7vpg4PHeDDPz4lxwDb7/5UxNz8zOzS8s1paWV1bX3PWNps4KRVmDZiJT7ZhoJrhkDeAgWDtXjKSxYK347nzot+6Z0jyT1zDIWTclfckTTglYKXK9kEuIDFbRfnljVLRX4jBRhJqeKk0eqRJfRCZUKQbCRYkjt+57/gh4kgQVqaMKl5H7GfYyWqRMAhVE607g59A1RAGngpW1sNAsJ/SO9FnHUklSprtm9FeJd6zSw0mmbEnAI/X3hCGp1oM0tp0pgVs97g3F/7xOAclJ13CZF8Ak/VmUFAJDhoch4R5XjIIYWEKo4vZWTG+JjQVslDUbQjD+8iRpHnjBoXdwdVQ/PaviWEBbaBvtogAdo1N0gS5RA1H0gJ7QC3p1Hp1n5815/2mdcqqZTfQHzsc3LJSf7A==</latexit>

Htail(r, E , j) = Htail(r, E ,�j)
<latexit sha1_base64="qW1reyT0T3Ja/8RK55o9uavTUQ0=">AAACIXicdVDLSsNAFJ3UV62vqEs3g0VooZakFuxGKIjQZQX7gCaEyXTaTjt5MDMRSsivuPFX3LhQpDvxZ5y2WWirBy4czrmXe+9xQ0aFNIxPLbOxubW9k93N7e0fHB7pxydtEUQckxYOWMC7LhKEUZ+0JJWMdENOkOcy0nEnt3O/80i4oIH/IKchsT009OmAYiSV5Oi1hhNb3IMSUZYUeCm2MGLwLimNi/AG/mdejouOnjfKxgJwnZgpyYMUTUefWf0ARx7xJWZIiJ5phNKOEZcUM5LkrEiQEOEJGpKeoj7yiLDjxYcJvFBKHw4CrsqXcKH+nIiRJ8TUc1Wnh+RIrHpz8S+vF8lBzY6pH0aS+Hi5aBAxKAM4jwv2KSdYsqkiCHOqboV4hDjCUoWaUyGYqy+vk3albF6VK/fVfL2axpEFZ+AcFIAJrkEdNEATtAAGT+AFvIF37Vl71T602bI1o6Uzp+AXtK9vOcWhnw==</latexit>

What about the non-local part? Loop around again!

Non-local Conservative
Radiative effects

�Sbound
r = � 1

2⇡

I
Htaildt

<latexit sha1_base64="QyOBuHghhefwDAqVdwpGSDDleBk="></latexit>

�Sunbound
r = � 1

2⇡

Z +1

�1
Htaildt

<latexit sha1_base64="GhI0UtG56FCy/QFjZNkcsWr9US0="></latexit>

Valid in  
the “large-j”  
limit ONLY

iboundr (j, E) = iunboundr (j, E)� iunboundr (�j, E)
<latexit sha1_base64="mTU6L9XWdDVmGQC1Gso7uJJGpFs=">AAACO3icbZBLSwMxFIUzPmt9jbp0EyxCBVtmqqAboSiCyyr2Ae04ZDJpG5vJDElGKEP/lxv/hDs3blwo4ta9aTuL2vZC4HC+e7m5x4sYlcqy3oyFxaXlldXMWnZ9Y3Nr29zZrckwFphUcchC0fCQJIxyUlVUMdKIBEGBx0jd610Nef2JCElDfq/6EXEC1OG0TTFS2nLNO/qQeGHM/YEr8o/HSQsjBq8HR/ACahLzuQwWpmBhkrpmzipao4Kzwk5FDqRVcc3Xlh/iOCBcYYakbNpWpJwECUUxI4NsK5YkQriHOqSpJUcBkU4yun0AD7Xjw3Yo9OMKjtzJiQQFUvYDT3cGSHXlNBua81gzVu1zJ6E8ihXheLyoHTOoQjgMEvpUEKxYXwuEBdV/hbiLBMJKx53VIdjTJ8+KWqlonxRLt6e58mUaRwbsgwOQBzY4A2VwAyqgCjB4Bu/gE3wZL8aH8W38jFsXjHRmD/wr4/cPW8esaA==</latexit>

Unlike the local (and logarithms!!!!) this Hamiltonian does not 

interpolate from large to small eccentricity unscathed

B2B correspondence



To appear 

Non-local Conservative
Radiative effects

�Sbound
r = � 1

2⇡

I
Htaildt

<latexit sha1_base64="QyOBuHghhefwDAqVdwpGSDDleBk="></latexit>

�Sunbound
r = � 1

2⇡

Z +1

�1
Htaildt

<latexit sha1_base64="GhI0UtG56FCy/QFjZNkcsWr9US0="></latexit>

GM

Z
d!

dE

d!

✓
� 1

d� 4
� log(!2/µ2) + i⇡sign(!) · · ·

◆

<latexit sha1_base64="1eRcdN7gVgK5cEf0e91SrvXnhps="></latexit>

Local terms  
Must compute in PM!

Universal UV pole 
cancels potential IR

Universal 
non-local part

Galley Leibovich 

RAP Ross


1511.07379 dissipative

Known  
at G^3!

iboundr (j, E) = iunboundr (j, E)� iunboundr (�j, E)
<latexit sha1_base64="mTU6L9XWdDVmGQC1Gso7uJJGpFs=">AAACO3icbZBLSwMxFIUzPmt9jbp0EyxCBVtmqqAboSiCyyr2Ae04ZDJpG5vJDElGKEP/lxv/hDs3blwo4ta9aTuL2vZC4HC+e7m5x4sYlcqy3oyFxaXlldXMWnZ9Y3Nr29zZrckwFphUcchC0fCQJIxyUlVUMdKIBEGBx0jd610Nef2JCElDfq/6EXEC1OG0TTFS2nLNO/qQeGHM/YEr8o/HSQsjBq8HR/ACahLzuQwWpmBhkrpmzipao4Kzwk5FDqRVcc3Xlh/iOCBcYYakbNpWpJwECUUxI4NsK5YkQriHOqSpJUcBkU4yun0AD7Xjw3Yo9OMKjtzJiQQFUvYDT3cGSHXlNBua81gzVu1zJ6E8ihXheLyoHTOoQjgMEvpUEKxYXwuEBdV/hbiLBMJKx53VIdjTJ8+KWqlonxRLt6e58mUaRwbsgwOQBzY4A2VwAyqgCjB4Bu/gE3wZL8aH8W38jFsXjHRmD/wr4/cPW8esaA==</latexit>

Mougiakakos 

Riva Vernizzi

2102.08339

Jakobsen et al.

2101.12688

BUT we already know the universal structure of the tail term

B2B correspondence



EFT approach to GW physics PN
Schwinger-Keldysh

Galley Leibovich 

RAP Ross


1511.07379

PM

G^2

G^3



EFT approach to GW physics PN
Schwinger-Keldysh

Galley Leibovich 

RAP Ross


1511.07379

PM

G^2



EFT approach to GW physics PN
Schwinger-Keldysh

Schott terms

PM

conservative

2.5PN

Galley Leibovich 

RAP Ross


1511.07379



EFT approach to GW physics PN
Schwinger-Keldysh

PM

Balance equation:

dissipative
source +  
cons-RR

4PN

conservative

Galley Leibovich 

RAP Ross


1511.07379


