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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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Precision Gravity: 
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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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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!

Qij = CEEij

CE ⇠ R5

(“susceptibility”)
e.g. Equation of State  

of Neutron Stars



. . .

First detection

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

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



. . .

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
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Distance [Km]

‘New Physics’ 
Threshold

NEW frontier in particle physics
Gravitational Collider Physics

Baumann Chia RAP 19’

Baumann Chia RAP Stout 20’


‘Standard Model’ 
Background!



Energy [eV]

Strong

EM

Weak

Gravity

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]

‘New Physics’ 
Threshold

NEW frontier in particle physics

‘Standard Model’ 
Background!

Discovery Potential =

Precise Theoretical Predictions 

           




• Part I: Bound 

• Part II: Boundary2Bound

Discovery Potential =

Precise Theoretical Predictions 

           


Outline remaining of the talk…



Separation of Scales (2-body in GR):

Effective Field Theory:                                               
One scale at a time

Tools from HEP: Feynman diagrams,        
regularization/renormalization/RG-flow 

v

v2

Goldberger Rothstein (2006)
Porto (2006)
Goldberger Ross (2009)

EFT approach to GW physics PN

GWPD !™
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EFT approach to GW physics

Potential

Modes

Radiation

Modes

Finite

size


PN



EFT approach to GW physics

Potential

Modes

Radiation

Modes

Finite

size


finite-size

effects

CES2

2mA

Z
d⌧AEabS

ac
A Sb

cA
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spin-induced moments tidal effects

PN
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tidal effects

EFT approach to GW physics

Potential

Modes

Radiation

Modes

Finite

size


PN

vanishes  
for BHs in d=4! 

‘Standard Model’ 
Background!

‘New Physics’ 
Threshold
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EFT approach to GW physics

Potential

Modes

Radiation

Modes

Finite

size


(‘Binding Mass’)

prescription

irrelevant

i✏
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PN
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EFT approach to GW physics

Radiation

Modes

Finite

size


eik·x = 1 + ik · x+ · · ·
<latexit sha1_base64="85JFAOENGq3p4nrI0jp9RLryprQ=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0UQCiWpBd0oBTcuK9gHtLFMJpN26GQSZiZiCfkbN/6KG0FFdOmfOE2z0LYHBs49517u3ONGjEplWd9GYWV1bX2juFna2t7Z3TP3D9oyjAUmLRyyUHRdJAmjnLQUVYx0I0FQ4DLSccfXU7/zQISkIb9Tk4g4ARpy6lOMlJYG5hW5TyhM+q4Px2kfe6GaFY9pCi+hDSuQLjMrMCvlwCxbVSsDXCR2TsogR3NgvvW9EMcB4QozJGXPtiLlJEgoihlJS/1YkgjhMRqSnqYcBUQ6SXZnCk+04kE/FPpxBTP170SCAikngas7A6RGct6bisu8Xqz8CyehPIoV4Xi2yI8ZVCGchgY9KghWbKIJwoLqv0I8QgJhpaMt6RDs+ZMXSbtWtc+qtdt6uVHP4yiCI3AMToENzkED3IAmaAEMnsALeAcfxrPxanwaX7PWgpHPHIJ/MH5+AcB3pJk=</latexit>

PN

Potential

Modes

decoupling only in space!

Time-dependent multipole moments

classical optical theorem!



v

v2

EFT approach to GW physics

Radiation

Modes

Finite

size


PN

Potential

Modes

PM

v3
<latexit sha1_base64="6j5h2TAdvwCOGX/GjU0Owb0KzKY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ltBT0WvXisYD+gXUs2zbahSXZJsoWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5C7zO1OqNIvko5nF1Bd4JFnICDaZhKZP9UG54lbdBdA68XJSgRzNQfmrP4xIIqg0hGOte54bGz/FyjDC6bzUTzSNMZngEe1ZKrGg2k8Xt87RhVWGKIyULWnQQv09kWKh9UwEtlNgM9arXib+5/USE974KZNxYqgky0VhwpGJUPY4GjJFieEzSzBRzN6KyBgrTIyNp2RD8FZfXiftWtWrV2sPV5XGbR5HEc7gHC7Bg2towD00oQUExvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AYT2NzQ==</latexit>

classical optical theorem!

“Tail effect”
(scattering off the geometry)



v

v2

EFT approach to GW physics

Radiation

Modes

Finite

size


PN

Potential

Modes

PM

v3
<latexit sha1_base64="6j5h2TAdvwCOGX/GjU0Owb0KzKY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ltBT0WvXisYD+gXUs2zbahSXZJsoWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzgpgzbVz32ylsbG5t7xR3S3v7B4dH5eOTto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5C7zO1OqNIvko5nF1Bd4JFnICDaZhKZP9UG54lbdBdA68XJSgRzNQfmrP4xIIqg0hGOte54bGz/FyjDC6bzUTzSNMZngEe1ZKrGg2k8Xt87RhVWGKIyULWnQQv09kWKh9UwEtlNgM9arXib+5/USE974KZNxYqgky0VhwpGJUPY4GjJFieEzSzBRzN6KyBgrTIyNp2RD8FZfXiftWtWrV2sPV5XGbR5HEc7gHC7Bg2towD00oQUExvAMr/DmCOfFeXc+lq0FJ585hT9wPn8AYT2NzQ==</latexit>

Galley Leibovich 

RAP Ross


1511.07379

IR log from  
‘radiation/soft’  modes!

radiation-reaction

“Tail effect”
(scattering off the geometry)



EFT approach to GW physics

Potential

Modes

Radiation

Modes

Finite

size


Foffa RAP 

Rothstein Sturani


1903.05118

RAP Rothstein

1703.06433

PNPM

Cho RAP Yang

2201.05138


(spin)

eik·x = 1 + ik · x+ · · ·
<latexit sha1_base64="85JFAOENGq3p4nrI0jp9RLryprQ=">AAACJ3icbVDLSsNAFJ3UV62vqEs3g0UQCiWpBd0oBTcuK9gHtLFMJpN26GQSZiZiCfkbN/6KG0FFdOmfOE2z0LYHBs49517u3ONGjEplWd9GYWV1bX2juFna2t7Z3TP3D9oyjAUmLRyyUHRdJAmjnLQUVYx0I0FQ4DLSccfXU7/zQISkIb9Tk4g4ARpy6lOMlJYG5hW5TyhM+q4Px2kfe6GaFY9pCi+hDSuQLjMrMCvlwCxbVSsDXCR2TsogR3NgvvW9EMcB4QozJGXPtiLlJEgoihlJS/1YkgjhMRqSnqYcBUQ6SXZnCk+04kE/FPpxBTP170SCAikngas7A6RGct6bisu8Xqz8CyehPIoV4Xi2yI8ZVCGchgY9KghWbKIJwoLqv0I8QgJhpaMt6RDs+ZMXSbtWtc+qtdt6uVHP4yiCI3AMToENzkED3IAmaAEMnsALeAcfxrPxanwaX7PWgpHPHIJ/MH5+AcB3pJk=</latexit>

spoils  
UV!

spoils  
IR!

UV/IR 
cancelation!

Galley Leibovich 

RAP Ross


1511.07379



EFT approach to GW physics

Potential

Modes

Radiation

Modes

Finite

size


Foffa RAP 

Rothstein Sturani


1903.05118

RAP Rothstein

1703.06433

PNPM

Cho RAP Yang

2201.05138


(spin)

Galley Leibovich 

RAP Ross


1511.07379

Bluemlein 

Marquard Meier


2110.13822

Foffa Sturani

2110.14146

in the entire 
soft region!

spoils  
UV!

spoils  
IR!

UV/IR 
cancelation!



EFT approach to GW physics PNPM

Lamb Shift!  
“log+5/6”

dissipative 
term

x ⇠ (v/c)2
⌫ ⇠ m2/m1

Galley Leibovich 

RAP Ross


1511.07379



Adding up ‘near’ and ‘far’ zone contributions in NRQED:

log↵e
<latexit sha1_base64="FJqZK69trzfrzHD8LpD6GjjHPiE=">AAAB9HicbVBNS8NAEN34WeNX1aOXxSJ4KkkV9Fj04rGC/YAmlMl20y7d7MbdTaGE/g4vHhTx6o/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+nbX1jc2t7dKOu7u3f3BYPjpuaZkpQptEcqk6EWjKmaBNwwynnVRRSCJO29Hobua3x1RpJsWjmaQ0TGAgWMwIGCuFbsDlIACeDqFHe+WKV/XmwKvEL0gFFWj0yl9BX5IsocIQDlp3fS81YQ7KMMLp1A0yTVMgIxjQrqUCEqrDfH70FJ9bpY9jqWwJg+fq74kcEq0nSWQ7EzBDvezNxP+8bmbimzBnIs0MFWSxKM44NhLPEsB9pigxfGIJEMXsrZgMQQExNifXhuAvv7xKWrWqf1mtPVxV6rdFHCV0is7QBfLRNaqje9RATUTQE3pGr+jNGTsvzrvzsWhdc4qZE/QHzucPUFyRzg==</latexit>

EFT approach to Atomic physics

Meanwhile in the ‘traditional’ approach… 

Universal log
in binding energy

IR/UV cancelation
NO ambiguities!



Even Feynman made 
a similar mistake! 
Footnote13 (without any #12!) 



• Part I: Bound 

• Part II: Boundary2Bound

Discovery Potential =

Precise Theoretical Predictions 

           




Potential

Modes

Radiation

Modes

(classical) “Soft” Region 

EFT approach to GW physics

Radiation-Reaction 

(Cons + Dissip) 


PM
2006.01184 


 

Kalin RAP

�Sab
A =

Z +1

�1
d⌧{Sab

A ,Le↵}
<latexit sha1_base64="q9Jvbt6zg+93ernlRHsn5wbDdy0="></latexit>

Lots of redundancy — No need to panic!

Simplified Feynman rules through proper time GF and total derivatives (but no field redef.)

Liu RAP Yang
2102.10059



Potential

Modes

Radiation

Modes

Radiation-Reaction 

(Cons + Dissip) 


IR/UV finite!

Single scale!
(� ! 1)

<latexit sha1_base64="S8GdtR4AqWpe8Iw1G7k6vEWYWcw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY8OKxgv2A7lqyabYNTbJLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8c3M7zxSpVks780koYHAQ8kiRrCx0kPVH2IhMPJNjLzzfrni1tw50CrxclKBHM1++csfxCQVVBrCsdY9z01MkGFlGOF0WvJTTRNMxnhIe5ZKLKgOsvnVU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zeqmJroOMySQ1VJLFoijlyP44iwANmKLE8IklmChmb0VkhBUmxgZVsiF4yy+vkna95l3U6neXlUY9j6MIJ3AKVfDgChpwC01oAQEFz/AKb86T8+K8Ox+L1oKTzxzDHzifP82MkVo=</latexit>

EFT approach to GW physics PM

PM = 
differential 
equations         

PN boundary 
conditions

� ⌘ u1 · u2
<latexit sha1_base64="CrTypeFbKhb4qr79A2g0B0U3WF0=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkoSBV0W3LisYC/QhDCZTNqhM0mcS6GEghtfxY0LRdz6Eu58G6dtFtr6w8DHf87hzPmjnFGpHOfbWlldW9/YrGxVt3d29/btg8O2zLTApIUzloluhCRhNCUtRRUj3VwQxCNGOtHwZlrvjIiQNEvv1TgnAUf9lCYUI2Ws0D72+4hzBH3yoOkI6tD1cZwpA15o15y6MxNcB reEGijVDO0vP86w5iRVmCEpe66Tq6BAQlHMyKTqa0lyhIeoT3oGU8SJDIrZDRN4ZpwYJpkwL1Vw5v6eKBCXcswj08mRGsjF2tT8r9bTKrkOCprmWpEUzxclmkGVwWkgMKaCYMXGBhAW1PwV4gESCCsTW9WE4C6evAxtr+5e1L27y1rDK+OogBNwCs6BC65AA9yCJmgBDB7BM3gFb9aT9WK9Wx/z1hWrnDkCf2R9/gDh3Jb5</latexit>

2007.04977 
Kalin Liu RAP
2006.01184 


 

Kalin RAP

(classical) “Soft” Region 

Differential Equations

b.c. from entire region



Potential

Modes

Enough for  
conservative 

to NNLO

EFT approach to GW physics

3PM 
3PM 
 3PM 


2PM 

PM

PN Kite

Kalin Liu RAP
2006.01184 


 

Kalin RAP

2007.04977 

canonical to NNLO!

Can be solved in terms of  Polilogarithms 

� ⌘ u1 · u2
<latexit sha1_base64="CrTypeFbKhb4qr79A2g0B0U3WF0=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkoSBV0W3LisYC/QhDCZTNqhM0mcS6GEghtfxY0LRdz6Eu58G6dtFtr6w8DHf87hzPmjnFGpHOfbWlldW9/YrGxVt3d29/btg8O2zLTApIUzloluhCRhNCUtRRUj3VwQxCNGOtHwZlrvjIiQNEvv1TgnAUf9lCYUI2Ws0D72+4hzBH3yoOkI6tD1cZwpA15o15y6MxNcB reEGijVDO0vP86w5iRVmCEpe66Tq6BAQlHMyKTqa0lyhIeoT3oGU8SJDIrZDRN4ZpwYJpkwL1Vw5v6eKBCXcswj08mRGsjF2tT8r9bTKrkOCprmWpEUzxclmkGVwWkgMKaCYMXGBhAW1PwV4gESCCsTW9WE4C6evAxtr+5e1L27y1rDK+OogBNwCs6BC65AA9yCJmgBDB7BM3gFb9aT9WK9Wx/z1hWrnDkCf2R9/gDh3Jb5</latexit>

Differential Equations

b.c. from potentials

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

Potential

Modes

Radiation

Modes

IR/UV finite!

Bethe  
logarithm

Differential Equations

b.c. from potentials 

and radiation 

2106.08276 
2112.11296

Dlapa Kalin Liu RAP

“Tail effect”
(scattering off the geometry)Not Canonical!  

Introduces elliptic integrals!

� ⌘ u1 · u2
<latexit sha1_base64="CrTypeFbKhb4qr79A2g0B0U3WF0=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkoSBV0W3LisYC/QhDCZTNqhM0mcS6GEghtfxY0LRdz6Eu58G6dtFtr6w8DHf87hzPmjnFGpHOfbWlldW9/YrGxVt3d29/btg8O2zLTApIUzloluhCRhNCUtRRUj3VwQxCNGOtHwZlrvjIiQNEvv1TgnAUf9lCYUI2Ws0D72+4hzBH3yoOkI6tD1cZwpA15o15y6MxNcB reEGijVDO0vP86w5iRVmCEpe66Tq6BAQlHMyKTqa0lyhIeoT3oGU8SJDIrZDRN4ZpwYJpkwL1Vw5v6eKBCXcswj08mRGsjF2tT8r9bTKrkOCprmWpEUzxclmkGVwWkgMKaCYMXGBhAW1PwV4gESCCsTW9WE4C6evAxtr+5e1L27y1rDK+OogBNwCs6BC65AA9yCJmgBDB7BM3gFb9aT9WK9Wx/z1hWrnDkCf2R9/gDh3Jb5</latexit>



EFT approach to GW physics PM
2106.08276 
2112.11296

Dlapa Kalin Liu RAP

Bethe  
logarithm

Combined result includes logarithms, dilogarithms and elliptic integrals of the first and second kind 

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

� ⌘ u1 · u2
<latexit sha1_base64="CrTypeFbKhb4qr79A2g0B0U3WF0=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkoSBV0W3LisYC/QhDCZTNqhM0mcS6GEghtfxY0LRdz6Eu58G6dtFtr6w8DHf87hzPmjnFGpHOfbWlldW9/YrGxVt3d29/btg8O2zLTApIUzloluhCRhNCUtRRUj3VwQxCNGOtHwZlrvjIiQNEvv1TgnAUf9lCYUI2Ws0D72+4hzBH3yoOkI6tD1cZwpA15o15y6MxNcB reEGijVDO0vP86w5iRVmCEpe66Tq6BAQlHMyKTqa0lyhIeoT3oGU8SJDIrZDRN4ZpwYJpkwL1Vw5v6eKBCXcswj08mRGsjF2tT8r9bTKrkOCprmWpEUzxclmkGVwWkgMKaCYMXGBhAW1PwV4gESCCsTW9WE4C6evAxtr+5e1L27y1rDK+OogBNwCs6BC65AA9yCJmgBDB7BM3gFb9aT9WK9Wx/z1hWrnDkCf2R9/gDh3Jb5</latexit>

h(x)’s are polynomials in the variable x
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EFT approach to GW physics PM
2106.08276 
2112.11296

Dlapa Kalin Liu RAP

Comparison with numerical simulations

(M. Khalil et al., to appear) 



1911.09130

Kalin RAP
1910.03008 How do we compute bound  

observables from boundary data?



Conservative effects

Gravitational 
interaction 

is UNIVERSAL! 

How do we compute bound  
observables from boundary data?



Conservative effects

1911.09130

Kalin RAP
1910.03008

BUT:  
Do we really need  

a Hamiltonian?

How do we compute bound  
observables from boundary data?

Gravitational 
interaction 

is UNIVERSAL! 



Scattering 
angle 


B2B correspondence
Conservative effects

1911.09130

Kalin RAP
1910.03008

Periastron 
advance


endpoints related by analytic continuation!



B2B correspondence
Conservative effects

1911.09130

Kalin RAP
1910.03008

Scattering 
angle 


Periastron 
advance


LOOP AROUND INFINITY!



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>

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

1911.09130

Kalin RAP
1910.03008

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  



1PN 2PN 2PN

3PN

4PN

ONE-LOOP  
EXACT!

B2B correspondence
1911.09130

Kalin RAP
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>

Radiative effects?!

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>

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>

AND  
MORE!

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

Cho Kalin RAP 
2112.03976

valid for (planar) aligned-spin  



�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>

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>

�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 flip 

Similar to periastron to angle

J
<latexit sha1_base64="l2UQ9uY2oBEMrqVXvoFELcrycs0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSuO6VKtmceThDM7hEjy4gRrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB57NjMg=</latexit>

J
<latexit sha1_base64="l2UQ9uY2oBEMrqVXvoFELcrycs0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSuO6VKtmceThDM7hEjy4gRrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB57NjMg=</latexit> J

<latexit sha1_base64="l2UQ9uY2oBEMrqVXvoFELcrycs0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSuO6VKtmceThDM7hEjy4gRrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB57NjMg=</latexit>

J
<latexit sha1_base64="l2UQ9uY2oBEMrqVXvoFELcrycs0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSuO6VKtmceThDM7hEjy4gRrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB57NjMg=</latexit>

J
<latexit sha1_base64="l2UQ9uY2oBEMrqVXvoFELcrycs0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSuO6VKtmceThDM7hEjy4gRrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB57NjMg=</latexit>

J
<latexit sha1_base64="l2UQ9uY2oBEMrqVXvoFELcrycs0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGwRwDXsRTAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe77xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSuO6VKtmceThDM7hEjy4gRrcQR2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB57NjMg=</latexit>

B2B correspondence
Radiative effects

Cho Kalin RAP 
2112.03976

Similar to radial action: Loop-around!

AND  
MORE!

valid for (planar) aligned-spin  



B2B correspondence
Radiative effects

Cho Kalin RAP 
2112.03976

Odd terms survive




(Local + 
Non-Local) 
Conserv.

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!

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>

B2B correspondenceCho Kalin RAP 
2112.03976



B2B correspondence

Mismatch with known result (even different transcendental numbers!):

NON-LOCAL

PART

Binding energy  
for circular orbits 

x = (GM!)2/3 ⇠ v2
<latexit sha1_base64="sD0aBzbi35RGLQXKI5gX78BmE4E=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahbmqSCroRCi50I1SwD2jSMplO26EzSZiZFEvoxo2/4saFIm79B3f+jdM2C209cOFwzr3ce48fMSqVZX0bmaXlldW17HpuY3Nre8fc3avJMBaYVHHIQtHwkSSMBqSqqGKkEQmCuM9I3R9cTfz6kAhJw+BejSLicdQLaJdipLTUNg8fLmHh+tYNOemhk1binJbG0JWUw2HLaZt5q2hNAReJnZI8SFFpm19uJ8QxJ4HCDEnZtK1IeQkSimJGxjk3liRCeIB6pKlpgDiRXjL9YgyPtdKB3VDoChScqr8nEsSlHHFfd3Kk+nLem4j/ec1YdS+8hAZRrEiAZ4u6MYMqhJNIYIcKghUbaYKwoPpWiPtIIKx0cDkdgj3/8iKpOUW7VHTuzvJlJ40jCw7AESgAG5yDMrgBFVAFGDyCZ/AK3own48V4Nz5mrRkjndkHf2B8/gCW+5ar</latexit>

Cho Kalin RAP 
2112.03976

2106.08276 
2112.11296

Dlapa Kalin Liu RAP



B2B correspondenceCho Kalin RAP 
2112.03976

 ALL LOCAL + LOGS ARE A PERFECT MATCH!

2106.08276 
2112.11296

Dlapa Kalin Liu RAP



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

aligned-spins

B2B

B2B
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• 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 
20+ years prior to first detection!

also 2G+!
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New particles discovered! 

Black Holes unveiled! 

Origin of structure uncovered! 

 

Die Ziet 
NYT 1991

New era of foundational  
investigations established  
through GW Precision Data. 

EinsTein reloaded!

Thank  
you!


