
Precision Gravity: 
From the LHC to LISA and ET
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UNCHARTED TERRITORY!
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First detection
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“Waveforms will be far more complex and carry more 
information than expected. Improved modeling will be needed  

for extracting the gravitational wave’s information”

Discovery Potential = 
Precise Theoretical Predictions 
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Merger Ringing

. . .

Numerical

(exact but slow)

Analytic/

Perturbative

Analytic

(Approx. but fast)

Inspiral

First detection

Challenge in GW Science 
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Inspiral

First detection

Post-Newtonian 

nPN = O(v2n)
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100+ events per year!
1000+ cycles in band @ Design-Sensitivity  

‘GW Precision Data’  
 

GWPD !™
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First detection

x ⇠ (v/c)2
⌫ ⇠ m2/m1

3.5PN order 

(almost 4PN)

‘GW Precision Data’  
 

GWPD !™

100+ events per year!
1000+ cycles in band @ Design-Sensitivity  
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First detection

x ⇠ (v/c)2
⌫ ⇠ m2/m1

100+ events per year!
1000+ cycles in band @ Design-Sensitivity  

‘GW Precision Data’  
 

Are we ready 

         for the future?
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First detection

Theoretical uncertainties  
dominate over planned empirical reach

x ⇠ (v/c)2
⌫ ⇠ m2/m1



. . .

First detection

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

(“susceptibility”)

e.g. Equation of State  
of Neutron Stars
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First detection

vanishes for black-  
holes in Einstein’s gravity (4d)

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

(“susceptibility”)
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First detection

‘Standard Model’ 
Background!

‘New Physics’ 
Threshold

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



Energy [eV]

Strong

EM

Weak

Gravity

10�20
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Distance [Km]

‘New Physics’ 
Threshold

Gravitational Collider Physics
Baumann Chia RAP 19’

Baumann Chia RAP Stout 20’


‘Standard Model’ 
Background!

NEW frontier in particle physics
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Distance [Km]

‘New Physics’ 
Threshold

Gravitational Collider Physics

Baumann Chia RAP Stout 20’


‘Standard Model’ 
Background!

NEW frontier in particle physics

Discovery Potential =

Precise Theoretical Predictions 

           




• Part I: Bound/Unbound 

• Part II: Boundary2Bound

Discovery Potential =

Precise Theoretical Predictions 

           


Outline remaining of the talk…



Goldberger Rothstein (2006)
Porto (2006)
Goldberger Ross (2009) EFT approach to GW physics

Quantum

Separation of Scales for PN sources:

Effective Field Theory:                                               
One scale at a time (“method of regions”)

Classical
gravity

PN

Potential

Modes

Radiation

Modes

Finite

Size

virial 
theorem



EFT approach to GW physics PN

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

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

⌘
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<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’)

Droste

EIH 


(1917)

Damour et al.,

Blanchet et al.


Foffa et al. 
(2015-19’)

Cho RAP Yang

2201.05138

(4PN spin 

including fluxes!)

* Conservative non-spinning  
   for simplicity  

virial 
theorem

‘New Physics  
Threshold’

Halley

Hooke


Newton 

(16XX)



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’)

Droste

EIH 


(1917)

Damour et al.,

Blanchet et al.


Foffa et al. 
(2015-19’)

Lorentz-Droste potential

(aka Einstein-Infeld-Hoffmann)

Halley

Hooke


Newton 

(16XX)



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’)

Droste

EIH 


(1917)

Damour et al.,

Blanchet et al.


Foffa et al. 
(2015-19’)

Classical ‘loop’  =  
iterated Green’s function  

+ point-like sources

Goldberger Rothstein (2006)

GR accounts for the 

‘anomalous’ precession 


(Precision measurements are key!)


Lorentz-Droste potential

(aka Einstein-Infeld-Hoffmann)

Halley

Hooke


Newton 

(16XX)



EFT approach to GW physics PN

Foffa RAP 

Rothstein Sturani


1903.05118

RAP Rothstein

1703.06433

Galley Leibovich 

RAP Ross


1511.07379

“Tail effect”
(scattering off 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>

(ultra)soft  
radiation  

(point-like) 
binary  

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’)

Droste

EIH 


(1917)

Damour et al.,

Blanchet et al.


Foffa et al. 
(2015-19’)

background 
geometry 
(1/r force)

Halley

Hooke


Newton 

(16XX)



EFT approach to Atomic physics

bound 
state 

(ultra)soft  
radiation  



EFT approach to GW physics PN

Bluemlein 

Marquard Meier


2110.13822

Foffa Sturani

2110.14146

non-linear 
memory effect 

(scattering off the  
earlier radiation)

Foffa RAP 

Rothstein Sturani


1903.05118

RAP Rothstein

1703.06433

Galley Leibovich 

RAP Ross


1511.07379

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>



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>

Fully (special) relativistic  
integration problem!  

Kalin RAP 
2006.01184

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>

Post-Minkowskian 
expansion

classical  
‘soft’ region



EFT approach to GW physics PM

Westphal (1985)
Cheung et al (2019)

Kalin RAP (2020)

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>



EFT approach to GW physics PM

Bern et al (2019)
Kalin Liu RAP (2020)

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>

Westphal (1985)
Cheung et al (2019)

Kalin RAP (2020)



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>

canonical to N2LO!

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

Kalin Liu RAP (2020)

can be solved in terms  
of Polylogarithms 

2007.04977

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

Dlapa Kalin Liu RAP (2021)

Introduces 
elliptic integrals!

“Tail effect”

Not canonical at N3LO

See also Bern et al.
(2112.10750)

Kalin Liu RAP (2020)

2112.11296

2007.04977

log v
<latexit sha1_base64="ckxjrSi/B3t/j2CUyOFwf3QWRso=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTOra7ohuXFewD2qFk0kwbm5kMSaZQhv6DGxeKuPV/3Pk3pg9BRQ9cOJxzL/feEyScKY3Qh5VbW9/Y3MpvF3Z29/YPiodHLSVSSWiTCC5kJ8CKchbTpmaa004iKY4CTtvB+HrutydUKibiOz1NqB/hYcxCRrA2UqvHxRBO+sUSsms1VHE8iOwLhFyvZggqu1XPg46NFiiBFRr94ntvIEga0VgTjpXqOijRfoalZoTTWaGXKppgMsZD2jU0xhFVfra4dgbPjDKAoZCmYg0X6veJDEdKTaPAdEZYj9Rvby7+5XVTHVb9jMVJqmlMlovClEMt4Px1OGCSEs2nhmAimbkVkhGWmGgTUMGE8PUp/J+0XNsp2+5tpVS/WsWRByfgFJwDB1yCOrgBDdAEBNyDB/AEni1hPVov1uuyNWetZo7BD1hvn7T7jzo=</latexit>

“Bethe logarithm”
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3PM
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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>

� =
1 + x2

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

Dlapa Kalin Liu RAP (2021)

Kalin Liu RAP (2020)

2112.11296

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

2007.04977
Lots of  

redundancy 
don’t panic!
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EFT approach to GW physics PM

Comparison with numerical simulations

(M. Khalil et al., to appear) 

Dlapa Kalin Liu RAP
2106.08276 
2112.11296

� =
1 + x2

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

Combined (pot+tail) result at 4PM includes logarithms, dilogarithms 

and elliptic integrals of the first and second kind 



• Part I: Bound/Unbound 

• Part II: Boundary2Bound

Discovery Potential =

Precise Theoretical Predictions 

           




1911.09130

Kalin RAP
1910.03008

How do we compute bound  
observables from boundary data?



Conservative effects

How do we compute bound  
observables from boundary data?

Gravitational 
interaction 

is UNIVERSAL! 



Conservative effects

How do we compute bound  
observables from boundary data?1911.09130

Kalin RAP
1910.03008

Nothing wrong, but… 

IN THE ON-SHELL SPIRIT… 


Do we really need the 
—much more cumbersome  
and gauge-dependent! —  

Hamiltonian?



Scattering 
angle 


B2B correspondence
Conservative effects

Periastron 
advance


endpoints related by analytic continuation!

1911.09130

Kalin RAP
1910.03008



B2B correspondence
Conservative effects

Scattering 
angle 


Periastron 
advance


1911.09130

Kalin RAP
1910.03008

LOOP AROUND INFINITY!



At the level of the radial action:

ALL conservative observables! 

Central object for the bound problem:

Analytic

continuation

B2B correspondence
Conservative effects

1911.09130

Kalin RAP
1910.03008



Analytic

continuation

B2B correspondence
Conservative effects

Liu RAP Yang
2102.10059

J total (canonical) 
angular momentum 

ã = a/GM
<latexit sha1_base64="9AewwMgOavaUjVEroh29vT0CT2Q=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmpSBb0IBQ96ESrYD2hD2Ww27dLNJuxuhBr6S7x4UMSrP8Wb/8Ztm4O2Phh4vDfDzDw/4Uxpx/m2Ciura+sbxc3S1vbObtne22+pOJWENknMY9nxsaKcCdrUTHPaSSTFkc9p2x9dT/32I5WKxeJBjxPqRXggWMgI1kbq2+WeZjygCKMrhE9v7vp2xak6M6Bl4uakAjkaffurF8QkjajQhGOluq6TaC/DUjPC6aTUSxVNMBnhAe0aKnBElZfNDp+gY6MEKIylKaHRTP09keFIqXHkm84I66Fa9Kbif1431eGllzGRpJoKMl8UphzpGE1TQAGTlGg+NgQTycytiAyxxESbrEomBHfx5WXSqlXds2rt/rxSr+VxFOEQjuAEXLiAOtxCA5pAIIVneIU368l6sd6tj3lrwcpnDuAPrM8fuFKRxQ==</latexit>

ALL conservative observables! 

At the level of the radial action:

Central object for the bound problem:

valid for (planar) aligned-spin  
1911.09130

Kalin RAP
1910.03008



1PN 2PN 2PN

3PN

4PN

B2B correspondence
Conservative effects

ONE-LOOP  
EXACT! 5PN

1911.09130

Kalin RAP
1910.03008



�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>

Radiative effects?!

B2B correspondence

Adiabatic Approx.
Aligned-spin configurations

Cho Kalin RAP 
2112.03976



�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.

B2B correspondence
Radiative effects

Aligned-spin configurations

valid for (planar) aligned-spin  

Cho Kalin RAP 
2112.03976



�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

B2B correspondence
Radiative effects

Similar to radial action: Loop-around!

valid for (planar) aligned-spin  

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>

Cho Kalin RAP 
2112.03976



B2B correspondence
Radiative effects

only odd terms survive


Cho Kalin RAP 
2112.03976



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>

B2B correspondence

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 tail Hamiltonian? Loop around again!

(Local & Non-Local) 

Cho Kalin RAP 
2112.03976



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>

B2B correspondence

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 tail Hamiltonian? Loop around again!

Cho Kalin RAP 
2112.03976

“large-j”  
limit ONLY

Local & Bethe Logs  
for generic orbits! 



• Energy/Frequency Frontier

• Luminosity Frontier

‘New Physics Threshold’

More ‘luminosity/sensitivity’  
   at ‘short/long distances’

 

“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 minutes’ 1993 

also 2G+!



Lisa

xkcd

UNCHARTED TERRITORY!

Are we ready 

for the future?



Lisa

Are we ready 

for the future?xkcd

UNCHARTED TERRITORY!



NYT 1991

01.01.203X

New particles discovered! 
Black Holes unveiled! 
Was Einstein right?! 

 

Die Ziet 

New era of foundational  
investigations established  
through GW Precision Data. 

EinsTein reloaded!

xkcd

Thank  
you!


