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Modelling Black Hole Scattering 
Generic Spinning Compact Objects 
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• new scale


• multipole expansion amplitudes
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classical EFT for Kerr black holes
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• linear in Riemann — fixed

• quadratic in Riemann — contribute to Compton @ 


• attempts to fix via: 


— classical symmetry: spin-shift symm. 


— Teukolsky equation: finite orders in spin, open Qs
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[Aoude, Haddad, Helset ’22]
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Modelling Black Hole Scattering 



1. expand in basis of spin operators 


2. go to classical regime

quantum EFT for Kerr black holes
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• 3pt q. amp are known:
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Pipeline from Quantum to Cl. Amps

relate               to cl. spin multipoles
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Modelling Black Hole Scattering 
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• Higher point?
inspired by Schwarzschild - consider minimally coupled spins 

minimal coupling breaks down

on shell recursion techniques (BCFW)
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• 3pt q. amp are known:
quantum EFT for Kerr black holes

Modelling Black Hole Scattering 
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• Higher point?
inspired by Schwarzschild - consider minimally coupled spins 

minimal coupling breaks down

on shell recursion techniques (BCFW)
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• 3pt q. amp are known:

ambiguous contact terms for
<latexit sha1_base64="mwfYW1W9K4lp11qiLjckwlyzxnw=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiZ4k6MVjRPOAZAmzk9lkyOzsMtMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbmt564NiJWjzhOuB/RgRKhYBSt9GCuK71iyS27c5BV4mWkBBnqveJXtx+zNOIKmaTGdDw3QX9CNQom+bTQTQ1PKBvRAe9YqmjEjT+ZnzolZ1bpkzDWthSSufp7YkIjY8ZRYDsjikOz7M3E/7xOiuGVPxEqSZErtlgUppJgTGZ/k77QnKEcW0KZFvZWwoZUU4Y2nYINwVt+eZU0K2WvWq7eX5RqN1kceTiBUzgHDy6hBndQhwYwGMAzvMKbI50X5935WLTmnGzmGP7A+fwB1vSNhg==</latexit>

s > 2

quantum EFT for Kerr black holes

Modelling Black Hole Scattering 



• construct quantum EFT for 


— higher spin constraints 

• propose                                   for generic  


— introduce classical constraints


• classical amplitude defined as


— result is to all-orders-in-spin — comparison to Teukolsky 

Higher Spin Construction
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Free theory
• tower of symmetric, double traceless fields

• massive gauge symmetry 


• free Lagrangian 

[Zinoviev ’01]
Higher Spin Construction



Free theory
• tower of symmetric, double traceless fields

• massive gauge symmetry 

adding interactions
• minimal coupling —> breaks gauge symmetry 


• add non-min. interactions

— fix using H.S. constraints: Ward ids., power counting, current constraints

<latexit sha1_base64="Iti1EkSsxXzVoKHw7JM9lKU3zPU="></latexit>

L3 ⇠ (r)k+k0�2�µ(k)�µ(k0)R

[Zinoviev ’01]
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Free theory
• tower of symmetric, double traceless fields

• massive gauge symmetry 

adding interactions
• minimal coupling —> breaks gauge symmetry 


• add non-min. interactions

non-min. 
vertex

min. 
vertex

full cubic 
vertex
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• tower of symmetric, double traceless fields

• massive gauge symmetry 
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Free theory

adding interactions
H.S. constraints 

• power counting

• Ward identity (from                )

• current constraint

full cubic 
vertex

Ward Id.
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+

✓
@

@✏1
· @

@✏1

◆

[Zinoviev ’01]
Higher Spin Construction



• tower of symmetric, double traceless fields

• massive gauge symmetry 

12

Free theory

adding interactions

current constraint
<latexit sha1_base64="cUOHNgNv4pOyxYKyqcCiH5PVGns="></latexit>

O(m) =

✓
p1·

@

@✏1

◆

H.S. constraints 

• power counting

• Ward identity (from                )

• current constraint

full cubic 
vertex

[Zinoviev ’01]
Higher Spin Construction



Higher Spin Construction: Results
• HS constraints: uniquely fix three point amp. 


• Quartic order:

13

Kerr

root-Kerr*

• HS constraints + (near-diag.): uniquely fix three point amp. 


• Quartic order:

additional constraints needed to fix quartic

theory of massive higher spins coupled to electromag. 
— 3pt amps related by double copy

<latexit sha1_base64="7NIY5BXWGfLp0PWMAd5Ixql360E="></latexit>

C(s) =

8
><

>:

0 free params for s < 2

3 free params at s = 2

21 free params at s = 3

<latexit sha1_base64="7NIY5BXWGfLp0PWMAd5Ixql360E="></latexit>

C(s) =

8
><

>:

0 free params for s < 2

3 free params at s = 2

21 free params at s = 3

<latexit sha1_base64="m+JrUi9ZmgCaEfluNUIBx70jS9I=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahXkqiUj0oFHvxWMF+QBrLZrtpl26yYXcilNCf4cWDIl79Nd78N27bHLT1wcDjvRlm5vmx4Bps+9vKrayurW/kNwtb2zu7e8X9g5aWiaKsSaWQquMTzQSPWBM4CNaJFSOhL1jbH9WnfvuJKc1l9ADjmHkhGUQ84JSAkdz6Y1rW1+enkxu7VyzZFXsGvEycjJRQhkav+NXtS5qELAIqiNauY8fgpUQBp4JNCt1Es5jQERkw19CIhEx76ezkCT4xSh8HUpmKAM/U3xMpCbUeh77pDAkM9aI3Ff/z3ASCKy/lUZwAi+h8UZAIDBJP/8d9rhgFMTaEUMXNrZgOiSIUTEoFE4Kz+PIyaZ1VnGqlen9Rqt1mceTRETpGZeSgS1RDd6iBmogiiZ7RK3qzwHqx3q2PeWvOymYO0R9Ynz+ZI5As</latexit>

C(s<3) = 0

<latexit sha1_base64="dXsPrgl25NPLXrFTxMYr0j2th78="></latexit>

M(1s, 2s, k+) = (p1 · "+k )
2

✓
h12i
m

◆2s

�! (p · "+k )
2ek·a

<latexit sha1_base64="rpjzcDV859R9OrWAOpP28TPnqKo="></latexit>

A(1s, 2s, k+) = (p1 · "+k )
✓
h12i
m

◆2s



Higher Spin Construction: Chiral fields
• single chiral            field                             + gravity/electromag.


• minimal coupling breaks parity —> need non-min. interactions

14

root-Kerr cubic Lag.

Kerr cubic Lag.

<latexit sha1_base64="HeE9JSGwC+bibUK2FjoRIyx2hHU="></latexit>

LpKerr =
1

2
hDµ�|Dµ�i � m2

2
h�|�i+ 1

2

2s�1X

k=0

iQ

m2k
h�|

n
|
 
D|
!
D|�k⌦ |F�|

o
|�i

[Ochirov, Skvortsov ’22]
<latexit sha1_base64="FJS3VBD5yKmjWsp+LH3gAJrFnNY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdItVj0YvHCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqVWu6gv3vF8suRV3DrRKvIyUIEOjX/zqDSRJIioM4VjrrufGxk+xMoxwOi30Ek1jTMZ4SLuWChxR7afza6fozCoDFEplSxg0V39PpDjSehIFtjPCZqSXvZn4n9dNTHjtp0zEiaGCLBaFCUdGotnraMAUJYZPLMFEMXsrIiOsMDE2oIINwVt+eZW0qhWvVqndX5bqN1kceTiBUyiDB1dQhztoQBMIPMIzvMKbI50X5935WLTmnGzmGP7A+fwB8EqOEw==</latexit>

(2s, 0)

+ (curvature)   corrections
<latexit sha1_base64="2fvfthwg1mRLBhwA3jth0GTm+tU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyVy1XG1el2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH+zjME=</latexit>

2

anti-selfdual 
field strength

anti-selfdual 
Weyl tensor



Quantum Amplitudes
root-Kerr (electromag.)

<latexit sha1_base64="lvyoJrOVeGEfu4Om38repfKHFok=">AAACB3icbZDLSsNAFIYn9VbrLepSkNEiuCpJKdWNUHTjsoK9QFvCZDJph04yYeZEKKE7N76KGxeKuPUV3Pk2Ti8Lbf1h4OM/53Dm/H4iuAbH+bZyK6tr6xv5zcLW9s7unr1/0NQyVZQ1qBRStX2imeAxawAHwdqJYiTyBWv5w5tJvfXAlOYyvodRwnoR6cc85JSAsTz7GLzMrYzxFS7jxHNx9wR3aSBhAkOv4tlFp+RMhZfBnUMRzVX37K9uIGkasRioIFp3XCeBXkYUcCrYuNBNNUsIHZI+6xiMScR0L5veMcZnxglwKJV5MeCp+3siI5HWo8g3nRGBgV6sTcz/ap0UwstexuMkBRbT2aIwFRgknoSCA64YBTEyQKji5q+YDogiFEx0BROCu3jyMjTLJbdaqt5VirXreRx5dIRO0Tly0QWqoVtURw1E0SN6Rq/ozXqyXqx362PWmrPmM4foj6zPHzozll8=</latexit>

t14 = 2p1 ·k4
<latexit sha1_base64="KTTXqhzaIlSHYy85SdiJzqzWTp4=">AAACB3icbZDLSsNAFIYnXmu9RV0KMloEVyVppboRim5cVrAXaEqYTCft0MmFmROhhO7c+CpuXCji1ldw59s4abPQ1h8GPv5zDmfO78WCK7Csb2NpeWV1bb2wUdzc2t7ZNff2WypKJGVNGolIdjyimOAhawIHwTqxZCTwBGt7o5us3n5gUvEovIdxzHoBGYTc55SAtlzzCNzUrk7wFa7g2LWxc4wd2o8gg5Fbdc2SVbamwotg51BCuRqu+eX0I5oELAQqiFJd24qhlxIJnAo2KTqJYjGhIzJgXY0hCZjqpdM7JvhUO33sR1K/EPDU/T2RkkCpceDpzoDAUM3XMvO/WjcB/7KX8jBOgIV0tshPBIYIZ6HgPpeMghhrIFRy/VdMh0QSCjq6og7Bnj95EVqVsl0r1+7OS/XrPI4COkQn6AzZ6ALV0S1qoCai6BE9o1f0ZjwZL8a78TFrXTLymQP0R8bnDzcSll0=</latexit>

t13 = 2p1 ·k3

<latexit sha1_base64="os17LeLXL00pWqpMv3Qz6At9gXM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIYklEqseiF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+Hwbuo3n1BpnshHM0oxiGlf8ogzaqzkD8+9C9ktld2KOwNZJl5OypCj3i19dXoJy2KUhgmqddtzUxOMqTKcCZwUO5nGlLIh7WPbUklj1MF4duyEnFqlR6JE2ZKGzNTfE2Maaz2KQ9sZUzPQi95U/M9rZya6CcZcpplByeaLokwQk5Dp56THFTIjRpZQpri9lbABVZQZm0/RhuAtvrxMGpcVr1qpPlyVa7d5HAU4hhM4Aw+uoQb3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AOLpjhk=</latexit>

k + 1� n

<latexit sha1_base64="SGNUcYtO/4ylzaz+cjKMK8dX4yY=">AAACDXicbVC7TgJBFJ3FF+Jr1dJmIpqYqGRXCVoSbSwxkUcCC5kd7uKE2UdmZknIhh+w8VdsLDTG1t7Ov3GALRA8yU3OnHNv5t7jRpxJZVk/RmZpeWV1Lbue29jc2t4xd/dqMowFhSoNeSgaLpHAWQBVxRSHRiSA+C6Hutu/Hfv1AQjJwuBBDSNwfNILmMcoUVrqmEetAREQScb167KdnI/O8KxUbCeno46ZtwrWBHiR2CnJoxSVjvnd6oY09iFQlBMpm7YVKSchQjHKYZRrxRIiQvukB01NA+KDdJLJNSN8rJUu9kKhK1B4os5OJMSXcui7utMn6lHOe2PxP68ZK+/aSVgQxQoCOv3IizlWIR5Hg7tMAFV8qAmhguldMX0kglClA8zpEOz5kxdJ7aJglwql+2K+fJPGkUUH6BCdIBtdoTK6QxVURRQ9oRf0ht6NZ+PV+DA+p60ZI53ZR39gfP0CdjCb0Q==</latexit>

"�3 , "
+
4 • matches               for


• matches                amp. in


• contact term constraints


<latexit sha1_base64="SBs/uPSLqofQs9o6NHv+03Z6jAc=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUSkemz10mMF+wFtLJvtpF262YTdiVpC/ocXD4p49b9489+4/Tho64OBx3szzMzzY8E1Os63tbK6tr6xmdvKb+/s7u0XDg6bOkoUgwaLRKTaPtUguIQGchTQjhXQ0BfQ8kc3E7/1AErzSN7hOAYvpAPJA84oGum+2ku7CE+YVmu1LOsVik7JmcJeJu6cFMkc9V7hq9uPWBKCRCao1h3XidFLqULOBGT5bqIhpmxEB9AxVNIQtJdOr87sU6P07SBSpiTaU/X3REpDrcehbzpDikO96E3E/7xOgsGVl3IZJwiSzRYFibAxsicR2H2ugKEYG0KZ4uZWmw2pogxNUHkTgrv48jJpnpfccql8e1GsXM/jyJFjckLOiEsuSYXUSJ00CCOKPJNX8mY9Wi/Wu/Uxa12x5jNH5A+szx+Q55KT</latexit>

AAHH

<latexit sha1_base64="q4ELKuzqtB1FWcZU2/6UJyetfd0=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCh1KSItWLUPTisYL9gLaUzXbTLt1swu5GKTE/xYsHRbz6S7z5b9y2OWjrg4HHezPMzPMizpR2nG8rt7a+sbmV3y7s7O7tH9jFw5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vcnNzG8/UKlYKO71NKL9AI8E8xnB2kgDu6iunHLPl5gkbppU07I7sEtOxZkDrRI3IyXI0BjYX71hSOKACk04VqrrOpHuJ1hqRjhNC71Y0QiTCR7RrqECB1T1k/npKTo1yhD5oTQlNJqrvycSHCg1DTzTGWA9VsveTPzP68bav+wnTESxpoIsFvkxRzpEsxzQkElKNJ8agolk5lZExtjkoE1aBROCu/zyKmlVK26tUrs7L9WvszjycAwncAYuXEAdbqEBTSDwCM/wCm/Wk/VivVsfi9aclc0cwR9Ynz/OZZMU</latexit>

s = 0,
1

2
, 1

[Arkani-Hamed, Huang, Huang ’17]
<latexit sha1_base64="OJzjuP6XnicsDhDtVW27SuDo650=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSJ4qrtVqheh6MVjBbcttEvJptk2NJssSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6387K6tr6xmZhq7i9s7u3Xzo4bGqZKkJ9IrlU7RBrypmgvmGG03aiKI5DTlvh6G7qt56o0kyKRzNOaBDjgWARI9hYydc3F+fVXqnsVtwZ0DLxclKGHI1e6avblySNqTCEY607npuYIMPKMMLppNhNNU0wGeEB7VgqcEx1kM2OnaBTq/RRJJUtYdBM/T2R4VjrcRzazhiboV70puJ/Xic10XWQMZGkhgoyXxSlHBmJpp+jPlOUGD62BBPF7K2IDLHCxNh8ijYEb/HlZdKsVrxapfZwWa7f5nEU4BhO4Aw8uII63EMDfCDA4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AG1zY37</latexit>

s = 3/2
[Chiodaroli, Johansson, Pichini, ’21]

<latexit sha1_base64="7NIY5BXWGfLp0PWMAd5Ixql360E="></latexit>

C(s) =

8
><

>:

0 free params for s < 2

3 free params at s = 2

21 free params at s = 3

<latexit sha1_base64="7NIY5BXWGfLp0PWMAd5Ixql360E="></latexit>

C(s) =

8
><

>:

0 free params for s < 2

3 free params at s = 2

21 free params at s = 3

15

<latexit sha1_base64="faDdcGPqwEbw2o92CjgDPhExbSw="></latexit>

&3 := h21i/m,

&4 := [21]/m,

<latexit sha1_base64="zQ/xrrKXxWBPN2szXLQ/OtzRPB4="></latexit>

&1 := h1|1+4|2]/m,

&2 := �h2|1+4|1]/m,

• photon helicity


• massive channels


• spin-dependence: 


 symmetric homogeneous polynomials, deg.



• matches               for


• matches                 amp. in

<latexit sha1_base64="nip/19pDCbf/Bd0xOfX4c3PRhfA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU90tWr0IRS8eK9gPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aGqZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo9up33qiSjMpHsw4pn6EB4KFjGBjpaa+RhdnlV6x5JbdGdAy8TJSggz1XvGr25ckiagwhGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKnBEtZ/Orp2gE6v0USiVLWHQTP09keJI63EU2M4Im6Fe9Kbif14nMeGVnzIRJ4YKMl8UJhwZiaavoz5TlBg+tgQTxeytiAyxwsTYgAo2BG/x5WXSrJS9arl6f16q3WRx5OEIjuEUPLiEGtxBHRpA4BGe4RXeHOm8OO/Ox7w152Qzh/AHzucPD2SOJw==</latexit>

s = 5/2

<latexit sha1_base64="a/uurJ18ubTgdGrAdYJLS8S2so0=">AAAB9XicbVDJSgNBEK1xjXGLevTSGARPYUYkeox6yUWIYBZIxtDT6Uma9Cx016hhmP/w4kERr/6LN//GznLQxAcFj/eqqKrnxVJotO1va2l5ZXVtPbeR39za3tkt7O03dJQoxusskpFqeVRzKUJeR4GSt2LFaeBJ3vSG12O/+cCVFlF4h6OYuwHth8IXjKKR7m+6aQf5E6aX1WqWdQtFu2RPQBaJMyNFmKHWLXx1ehFLAh4ik1TrtmPH6KZUoWCSZ/lOonlM2ZD2edvQkAZcu+nk6owcG6VH/EiZCpFM1N8TKQ20HgWe6QwoDvS8Nxb/89oJ+hduKsI4QR6y6SI/kQQjMo6A9ITiDOXIEMqUMLcSNqCKMjRB5U0IzvzLi6RxWnLKpfLtWbFyNYsjB4dwBCfgwDlUoAo1qAMDBc/wCm/Wo/VivVsf09YlazZzAH9gff4Ao7OSnw==</latexit>

MAHH• graviton helicity


• massless channel


• spin-dependence:

variables                    , polynomials            

and

Quantum Amplitudes
Kerr (gravity)

<latexit sha1_base64="tsk/87IzrJB8JXJzUabQu6RQpWA=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQEUoSSxWhUHTjsoJ9QJuGyXTSDpk8nJkIJXThxl9x40IRt36EO//G6WOhrQcuHM65l3vvcWNGhTSMby2zsrq2vpHdzG1t7+zu6fsHTRElHJMGjljE2y4ShNGQNCSVjLRjTlDgMtJy/euJ33ogXNAovJOjmNgBGoTUoxhJJTl6XjipaY1hFRZ95+zUd8onPQtWL+F9z3L0glEypoDLxJyTApij7uhf3X6Ek4CEEjMkRMc0YmmniEuKGRnnuokgMcI+GpCOoiEKiLDT6RNjeKyUPvQiriqUcKr+nkhRIMQocFVngORQLHoT8T+vk0jvwk5pGCeShHi2yEsYlBGcJAL7lBMs2UgRhDlVt0I8RBxhqXLLqRDMxZeXSdMqmZVS5bZcqF3N48iCPDgCRWCCc1ADN6AOGgCDR/AMXsGb9qS9aO/ax6w1o81nDsEfaJ8/EM2VLQ==</latexit>

s12 = (k3 + k4)
2 =: q2

<latexit sha1_base64="++8JoXnLte/lWY/Dhrv/UonHriI=">AAACG3icbVDLSgMxFM3UV62vUZdugkVwIWWmluqy6MZlBfuAdhgyaaYNTTJDkimUof/hxl9x40IRV4IL/8a0HbC2Xgicx73c3BPEjCrtON9Wbm19Y3Mrv13Y2d3bP7APj5oqSiQmDRyxSLYDpAijgjQ01Yy0Y0kQDxhpBcPbqd8aEaloJB70OCYeR31BQ4qRNpJvl7sjZNw+R757AX9JeZFcLpKKbxedkjMruArcDBRBVnXf/uz2IpxwIjRmSKmO68TaS5HUFDMyKXQTRWKEh6hPOgYKxIny0tltE3hmlB4MI2me0HCmLk6kiCs15oHp5EgP1LI3Ff/zOokOr72UijjRROD5ojBhUEdwGhTsUUmwZmMDEJbU/BXiAZIIaxNnwYTgLp+8CprlklstVe8rxdpNFkcenIBTcA5ccAVq4A7UQQNg8AiewSt4s56sF+vd+pi35qxs5hj8KevrB9PdoKw=</latexit>&1, &2, &3, &4
<latexit sha1_base64="FdCSMzBb5pJnKadRxe+EHFlhd2k=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqx6MVjBfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9RpVkk780kpr7AQ8lCRrCx0kPjMS2Pz6d92S+W3Io7B1olXkZKkKHRL371BhFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84Ck6s8oAhZGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EhFd+ymScGCrJYlGYcGQiNPseDZiixPCJJZgoZm9FZIQVJsZmVLAheMsvr5LWRcWrVWp31VL9OosjDydwCmXw4BLqcAsNaAIBAc/wCm+Ocl6cd+dj0Zpzsplj+APn8wc7FZAO</latexit>

P (k)
n

[Arkani-Hamed, Huang, Huang ’17]

[Chiodaroli, Johansson, Pichini, ’21]

<latexit sha1_base64="vWPqOKc2WdVUhcMEddko2LZ4yiw=">AAACCXicbVDLSsNAFL3xWesr6tLNYBFclJLUUt0IRTcuK9gHtKFMppN26OTBzEQoIVs3/oobF4q49Q/c+TdO0yy09cDAuefcy5173IgzqSzr21hZXVvf2CxsFbd3dvf2zYPDtgxjQWiLhDwUXRdLyllAW4opTruRoNh3Oe24k5uZ33mgQrIwuFfTiDo+HgXMYwQrLQ1MJK+sct8TmCR2mlTTsl1G8/I8K2sDs2RVrAxomdg5KUGO5sD86g9DEvs0UIRjKXu2FSknwUIxwmla7MeSRphM8Ij2NA2wT6WTZJek6FQrQ+SFQr9AoUz9PZFgX8qp7+pOH6uxXPRm4n9eL1bepZOwIIoVDch8kRdzpEI0iwUNmaBE8akmmAim/4rIGOsclA6vqEOwF09eJu1qxa5X6ne1UuM6j6MAx3ACZ2DDBTTgFprQAgKP8Ayv8GY8GS/Gu/Exb10x8pkj+APj8wf+IZij</latexit>

s = 0,
1

2
, 1,

3

2
, 4

16

<latexit sha1_base64="SGNUcYtO/4ylzaz+cjKMK8dX4yY=">AAACDXicbVC7TgJBFJ3FF+Jr1dJmIpqYqGRXCVoSbSwxkUcCC5kd7uKE2UdmZknIhh+w8VdsLDTG1t7Ov3GALRA8yU3OnHNv5t7jRpxJZVk/RmZpeWV1Lbue29jc2t4xd/dqMowFhSoNeSgaLpHAWQBVxRSHRiSA+C6Hutu/Hfv1AQjJwuBBDSNwfNILmMcoUVrqmEetAREQScb167KdnI/O8KxUbCeno46ZtwrWBHiR2CnJoxSVjvnd6oY09iFQlBMpm7YVKSchQjHKYZRrxRIiQvukB01NA+KDdJLJNSN8rJUu9kKhK1B4os5OJMSXcui7utMn6lHOe2PxP68ZK+/aSVgQxQoCOv3IizlWIR5Hg7tMAFV8qAmhguldMX0kglClA8zpEOz5kxdJ7aJglwql+2K+fJPGkUUH6BCdIBtdoTK6QxVURRQ9oRf0ht6NZ+PV+DA+p60ZI53ZR39gfP0CdjCb0Q==</latexit>

"�3 , "
+
4



• symmetric homogeneous polynomials, degree


• naturally arise from chiral Lagrangian

eg. cubic non-min term.               :


• construct                     and impose classical constraints

Polynomial basis

<latexit sha1_base64="oIKGrarqjaUYYSXDuaO9wIXygWI="></latexit>

�Qh23ih31i
2s�1X

k=0

1

m2s
[21]kh21i2s�k�1 = �Qh23ih31iP 2s

1 (&3, &4)

<latexit sha1_base64="vfkEwFtDxQjdqPVmx+NwQ/HZwbk="></latexit>

�Qh23ih31i
2s�1X

k=0

1

m2s
[21]kh21i2s�k�1 = �Qh23ih31iP (2s)

1 (&3, &4)
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<latexit sha1_base64="os17LeLXL00pWqpMv3Qz6At9gXM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIYklEqseiF48VTFtoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhQyeZYuizRCSqFVKNgkv0DTcCW6lCGocCm+Hwbuo3n1BpnshHM0oxiGlf8ogzaqzkD8+9C9ktld2KOwNZJl5OypCj3i19dXoJy2KUhgmqddtzUxOMqTKcCZwUO5nGlLIh7WPbUklj1MF4duyEnFqlR6JE2ZKGzNTfE2Maaz2KQ9sZUzPQi95U/M9rZya6CcZcpplByeaLokwQk5Dp56THFTIjRpZQpri9lbABVZQZm0/RhuAtvrxMGpcVr1qpPlyVa7d5HAU4hhM4Aw+uoQb3UAcfGHB4hld4c6Tz4rw7H/PWFSefOYI/cD5/AOLpjhk=</latexit>

k + 1� n

<latexit sha1_base64="xirH5hHE7cw8tc0tERxcsLYagJw=">AAAB+3icbVDLTsJAFL3FF+Kr4tJNIzGBDWmNQZdENi4xkUcCtZkOU5gwnTYzUyNp+ituXGiMW3/EnX/jAF0oeJKbe3LOvZk7x48Zlcq2v43CxubW9k5xt7S3f3B4ZB6XuzJKBCYdHLFI9H0kCaOcdBRVjPRjQVDoM9Lzp62533skQtKI36tZTNwQjTkNKEZKS55Zbj2kVVnLBm3dp7XM465nVuy6vYC1TpycVCBH2zO/hqMIJyHhCjMk5cCxY+WmSCiKGclKw0SSGOEpGpOBphyFRLrp4vbMOtfKyAoioYsra6H+3khRKOUs9PVkiNRErnpz8T9vkKjg2k0pjxNFOF4+FCTMUpE1D8IaUUGwYjNNEBZU32rhCRIIKx1XSYfgrH55nXQv6k6j3ri7rDRv8jiKcApnUAUHrqAJt9CGDmB4gmd4hTcjM16Md+NjOVow8p0T+APj8wfTyJOu</latexit>

C(s)[P (k)
n ]



Classical limits with spin — subtleties
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1. expand in basis of spin operators 


2. go to classical regime

Pipeline from Quantum to Cl. Amps

relate               to cl. spin multipoles

<latexit sha1_base64="NfBuP1MRajUq70UQZKL4qxCaFwM="></latexit>

M ⇠
1X

n=0

c̃µ1...µnhâ(µ1 . . . âµn)i
<latexit sha1_base64="nEitoXlcnA6V9igDZou4gSZvHGM="></latexit>

cµ1...µn(p, kin, kout, "in, "out)

<latexit sha1_base64="OR1eB/RUAnODuW/FvqSWDMAW9ro="></latexit>

M ⇠
2sX

n=0

c̃µ1...µnhâµ1 . . . âµni

spin-   amplitude —>       classical multipoles[Vaidya, ’14]• finite spin?
<latexit sha1_base64="Hw+bnLE3L8RYYAXPBsk+K5XPXHM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSQ5WYfqnsVtw5yCrxclKGHI1+6as3iFkacYVMUmO6npugn1GNgkk+LfZSwxPKxnTIu5YqGnHjZ/NTp+TcKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOkUbQje8surpFWteLVK7f6yXL/J4yjAKZzBBXhwBXW4gwY0gcEQnuEV3hzpvDjvzseidc3JZ07gD5zPH6jcjWg=</latexit>

2s
<latexit sha1_base64="Hw+bnLE3L8RYYAXPBsk+K5XPXHM=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSQ5WYfqnsVtw5yCrxclKGHI1+6as3iFkacYVMUmO6npugn1GNgkk+LfZSwxPKxnTIu5YqGnHjZ/NTp+TcKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOkUbQje8surpFWteLVK7f6yXL/J4yjAKZzBBXhwBXW4gwY0gcEQnuEV3hzpvDjvzseidc3JZ07gD5zPH6jcjWg=</latexit>

2s

root-Kerr and Kerr @ 3pts —spin-universality


not in general — e.g. scattering leading Regge states of open str.

<latexit sha1_base64="9Rd7PCAJM96jTqMekWEY9pNOSW8=">AAACA3icbVBNS8NAEN3Ur1q/ot70sloETyURqV6EohePFewHNKVstpN26WYTdjdCCQEv/hUvHhTx6p/w5r9x2+agrQ8GHu/NMDPPjzlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZRICg0a8Ui2faKAMwENzTSHdiyBhD6Hlj+6mfitB5CKReJej2PohmQgWMAo0Ubq2QeeZrwPKc16Al9hL5CEpm6WiqOsZ5edijMFXiRuTsooR71nf3n9iCYhCE05UarjOrHupkRqRjlkJS9REBM6IgPoGCpICKqbTn/I8IlR+jiIpCmh8VT9PZGSUKlx6JvOkOihmvcm4n9eJ9HBZTdlIk40CDpbFCQc6whPAsF9JoFqPjaEUMnMrZgOiYlBm9hKJgR3/uVF0jyruNVK9e68XLvO4yiiQ3SMTpGLLlAN3aI6aiCKHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/AIXMl3U=</latexit>

c̃n =
1

n!

<latexit sha1_base64="ff+vxM5tsCEltD6bL/MQIJUQGlw="></latexit>

lim
~!0

A
(s=2)
open str. ⇠ 1 + (k3 · a) +

1

2
(k3 · a)

2 +O(a3)
<latexit sha1_base64="EVmZ5AOy1vxikH6xHzw1A8Ixi6k="></latexit>

lim
~!0

A
(s=3)
open str. ⇠ 1 + (k3 · a) +

9

30
(k3 · a)

2 +O(a3)

<latexit sha1_base64="+8AQ/whT/3BzbRSBxCjzE2tSuSI=">AAACF3icbVDJSgNBEO1xjXGLevTSGIQESZgZQuJFCHrxGMEskGXo6elJmvQsdPcIoZm/8OKvePGgiFe9+Td2loMmPih4vFdFVT03ZlRI0/w21tY3Nre2MzvZ3b39g8Pc0XFLRAnHpIkjFvGOiwRhNCRNSSUjnZgTFLiMtN3xzdRvPxAuaBTey0lM+gEahtSnGEktOblyT1LmEYVTxx6ogiim8Ar2fI6wqoiBXaqJi0qqbFGwRckqpk4ub5bNGeAqsRYkDxZoOLmvnhfhJCChxAwJ0bXMWPYV4pJiRtJsLxEkRniMhqSraYgCIvpq9lcKz7XiQT/iukIJZ+rvCYUCISaBqzsDJEdi2ZuK/3ndRPqXfUXDOJEkxPNFfsKgjOA0JOhRTrBkE00Q5lTfCvEI6VCkjjKrQ7CWX14lLbtsVcvVu0q+fr2IIwNOwRkoAAvUQB3cggZoAgwewTN4BW/Gk/FivBsf89Y1YzFzAv7A+PwBvXadwQ==</latexit>

c̃(s)2 =
4s2 � 7s+ 4

2s(2s� 1)
spin-dependent!

[LC, Pichini ’22]
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1. expand in basis of spin operators 


2. go to classical regime

Pipeline from Quantum to Cl. Amps

relate               to cl. spin multipoles

<latexit sha1_base64="NfBuP1MRajUq70UQZKL4qxCaFwM="></latexit>

M ⇠
1X

n=0

c̃µ1...µnhâ(µ1 . . . âµn)i
<latexit sha1_base64="nEitoXlcnA6V9igDZou4gSZvHGM="></latexit>

cµ1...µn(p, kin, kout, "in, "out)

<latexit sha1_base64="OR1eB/RUAnODuW/FvqSWDMAW9ro="></latexit>

M ⇠
2sX

n=0

c̃µ1...µnhâµ1 . . . âµni

• large spin limit: 
— expectation values behave classically 


— well defined classical multipoles —


e.g. scattering leading Regge states of open str.
<latexit sha1_base64="Fpgz95te+G8bFYAuq6RPOnaT4nM="></latexit>

c2 = lim
s!1

4s2 � 7s+ 4

2s(2s� 1)
=

1

4

<latexit sha1_base64="BsIGvU4erccNia1ltc7WakufvTc="></latexit>

cn = lim
~!0
s!1

c̃n

[LC, Pichini ’22]



— scatter coherent states:


— infinite spin sum

Classical limits with spin — subtleties
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1. expand in basis of spin operators 


2. go to classical regime

Pipeline from Quantum to Cl. Amps

relate               to cl. spin multipoles

<latexit sha1_base64="NfBuP1MRajUq70UQZKL4qxCaFwM="></latexit>

M ⇠
1X

n=0

c̃µ1...µnhâ(µ1 . . . âµn)i
<latexit sha1_base64="nEitoXlcnA6V9igDZou4gSZvHGM="></latexit>

cµ1...µn(p, kin, kout, "in, "out)

<latexit sha1_base64="OR1eB/RUAnODuW/FvqSWDMAW9ro="></latexit>

M ⇠
2sX

n=0

c̃µ1...µnhâµ1 . . . âµni

• coherent spin limit: 

<latexit sha1_base64="IQ1rjXxtTcMXOytm4IRQvKlnUcA="></latexit>

Acl. ⇠ lim
~!0

1X

2s=0

e�|z|2

(2s)!

<latexit sha1_base64="zVsAwoN0p+eUKntyMT9txkt2obo="></latexit>

|coherenti =
1X

2s=0

e�|z|2/2
p

(2s)!
|p, {z}i

equivalent to large spin limit

<latexit sha1_base64="OR1eB/RUAnODuW/FvqSWDMAW9ro="></latexit>

M ⇠
2sX

n=0

c̃µ1...µnhâµ1 . . . âµni

[Aoude, Ochirov ’21]



• cl. spin variables


• polynomials resum to entire fns in the cl. limit

Classical limits with spin
Closer look at the variables and polynomials

<latexit sha1_base64="zXM3mGW82A97AiKSCRiNr6ArcFI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBZBEEqipXoRil48VrAfkIaw2W7apZts3N0IJfRnePGgiFd/jTf/jds2B219MPB4b4aZeUHCmdK2/W0VVlbX1jeKm6Wt7Z3dvfL+QVuJVBLaIoIL2Q2wopzFtKWZ5rSbSIqjgNNOMLqd+p0nKhUT8YMeJ9SL8CBmISNYG8l9RNdo5F+cjfyaX67YVXsGtEycnFQgR9Mvf/X6gqQRjTXhWCnXsRPtZVhqRjidlHqpogkmIzygrqExjqjystnJE3RilD4KhTQVazRTf09kOFJqHAWmM8J6qBa9qfif56Y6vPIyFieppjGZLwpTjrRA0/9Rn0lKNB8bgolk5lZEhlhiok1KJROCs/jyMmmfV516tX5fqzRu8jiKcATHcAoOXEID7qAJLSAg4Ble4c3S1ov1bn3MWwtWPnMIf2B9/gBfCJAH</latexit>

q = k3 + k4
<latexit sha1_base64="EZ7roAQNiq1o52uZjQI+iHHRpOk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgxpJoqW6EohuXFewD2hAm00k7dDIZZyZiCfkVNy4UceuPuPNvnLZZaOuBC4dz7uXeewLBqNKO820VVlbX1jeKm6Wt7Z3dPXu/3FZxIjFp4ZjFshsgRRjlpKWpZqQrJEFRwEgnGN9M/c4jkYrG/F5PBPEiNOQ0pBhpI/l2+cFP+4JIkV3BsV87Hfvnvl1xqs4McJm4OamAHE3f/uoPYpxEhGvMkFI91xHaS5HUFDOSlfqJIgLhMRqSnqEcRUR56ez2DB4bZQDDWJriGs7U3xMpipSaRIHpjJAeqUVvKv7n9RIdXnop5SLRhOP5ojBhUMdwGgQcUEmwZhNDEJbU3ArxCEmEtYmrZEJwF19eJu2zqluv1u9qlcZ1HkcRHIIjcAJccAEa4BY0QQtg8ASewSt4szLrxXq3PuatBSufOQB/YH3+AAXqk8o=</latexit>

q? = k4 � k3

<latexit sha1_base64="0S2Cug6nkdEQQcS01zUywIcBhPA=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlUhQWpgoWxSPQhNaFyXKe1ajuR7SBVaWcWfoWFAYRY+QI2/ga3zQAtR7rS0Tn36t57gphRpR3n28otLa+sruXXCxubW9s79u5eQ0WJxKSOIxbJVoAUYVSQuqaakVYsCeIBI81gcD3xmw9EKhqJOz2Mic9RT9CQYqSN1LEPPdyn8BJ6DIkeI/AMjjxFexzdpx5PxqOy37GLTsmZAi4SNyNFkKHWsb+8boQTToTGDCnVdp1Y+ymSmmJGxgUvUSRGeIB6pG2oQJwoP52+MobHRunCMJKmhIZT9fdEirhSQx6YTo50X817E/E/r53o8MJPqYgTTQSeLQoTBnUEJ7nALpUEazY0BGFJza0Q95FEWJv0CiYEd/7lRdI4LbmVUuW2XKxeZXHkwQE4AifABeegCm5ADdQBBo/gGbyCN+vJerHerY9Za87KZvbBH1ifP/ismdk=</latexit>

� = h3|�µ|4]
<latexit sha1_base64="TY8nO8nNEm+xa43Esxd6GrZto9Y=">AAACF3icbZDLSsNAFIYn9VbrLerSzWARBDEkWqrLohuXFewFmjRMppN26EwSZiaFEvoWbnwVNy4Ucas738Zpm4W2/jDw851zOHP+IGFUKtv+Ngorq2vrG8XN0tb2zu6euX/QlHEqMGngmMWiHSBJGI1IQ1HFSDsRBPGAkVYwvJ3WWyMiJI2jBzVOiMdRP6IhxUhp5JuWiwcUupJy6I6QIImkTPPL7vkS7J75Fd8s25Y9E1w2Tm7KIFfdN7/cXoxTTiKFGZKy49iJ8jIkFMWMTEpuKkmC8BD1SUfbCHEivWx21wSeaNKDYSz0ixSc0d8TGeJSjnmgOzlSA7lYm8L/ap1UhddeRqMkVSTC80VhyqCK4TQk2KOCYMXG2iAsqP4rxAMkEFY6ypIOwVk8edk0LyynalXvK+XaTR5HERyBY3AKHHAFauAO1EEDYPAInsEreDOejBfj3fiYtxaMfOYQ/JHx+QMuWJ9T</latexit>

� ⇠ "�3 ⇠ "+4for a specific gauge choice 

 generate inf. tower of cl. spin multipoles

<latexit sha1_base64="AKAeNAD3TrjGI/wn/UJ24TtZXGM="></latexit>

x = q? ·a, y = q ·a, z = |a|p·q?
m

, w =
a·�
p·�p·q?

21

<latexit sha1_base64="nBbXLsmsQ+iqh7LEyceNQLme+Bo="></latexit>

lim
~!0

1X

2s=0

e�2m|a|

(2s)!
P (2s)
1 = ex+z

<latexit sha1_base64="HcUqWffBJz/M9JgIybNTOuAKxy0="></latexit>

lim
~!0

1X

2s=0

e�2m|a|

(2s)!
P (2s)
4 =

2x cosh y + (x2+y2�z2) sinhc y�
(x� y)2�z2

��
(x+ y)2�z2

� +
� y$z
x!�x

�
ex =: Ẽ(x, y, z)

<latexit sha1_base64="AKAeNAD3TrjGI/wn/UJ24TtZXGM="></latexit>

x = q? ·a, y = q ·a, z = |a|p·q?
m

, w =
a·�
p·�p·q?

<latexit sha1_base64="AKAeNAD3TrjGI/wn/UJ24TtZXGM="></latexit>

x = q? ·a, y = q ·a, z = |a|p·q?
m

, w =
a·�
p·�p·q?

<latexit sha1_base64="AKAeNAD3TrjGI/wn/UJ24TtZXGM="></latexit>

x = q? ·a, y = q ·a, z = |a|p·q?
m

, w =
a·�
p·�p·q?

<latexit sha1_base64="HcUqWffBJz/M9JgIybNTOuAKxy0="></latexit>

lim
~!0

1X

2s=0

e�2m|a|

(2s)!
P (2s)
4 =

2x cosh y + (x2+y2�z2) sinhc y�
(x� y)2�z2

��
(x+ y)2�z2

� +
� y$z
x!�x

�
ex =: Ẽ(x, y, z)

<latexit sha1_base64="dNp07QFyapuc/nPyD5CrqYW954M="></latexit>

Ẽ(x, y, z) =
1

2y

ey � ex cosh z + (x� y)ex sinhc z

(x� y)2 � z2
+ (y ! �y)



Classical Compton Amplitudes
root-Kerr (electromag.)

<latexit sha1_base64="i5x/VxTUwHj+8+W6FRQRJNUrVj8="></latexit>

E(x, y, z) =
ey � excosh z + (x�y)exsinhc z

(x�y)2 � z2
+ (y ! �y)with entire fn

• H.S. constraints: massive gauge invar. + soft high E behaviour


• classical constraints: finite classical limit +           quadrupole 
<latexit sha1_base64="k6dbROucPlIUYmBC8yGKgtoOr1U=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdG+uvH654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbz0M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdWrVWt355X6dR5HEY7gGE7Bgwuowy00oAkMhvAEL/DqSOfZeXPeF60FJ585hF9wPr4B0+uNhA==</latexit>

s = 1

<latexit sha1_base64="Ck3tTcyNJquiywUeXJykrowE4V4=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BItQLyUpUj0oFHvxWMF+QBrLZrtpl252w+5EKKE/w4sHRbz6a7z5b9y2OWjrg4HHezPMzAtizjQ4zreVW1vf2NzKbxd2dvf2D4qHR20tE0Voi0guVTfAmnImaAsYcNqNFcVRwGknGDdmfueJKs2keIBJTP0IDwULGcFgJK/xmJb1dfV8euP0iyWn4sxhrxI3IyWUodkvfvUGkiQRFUA41tpznRj8FCtghNNpoZdoGmMyxkPqGSpwRLWfzk+e2mdGGdihVKYE2HP190SKI60nUWA6IwwjvezNxP88L4Hwyk+ZiBOggiwWhQm3Qdqz/+0BU5QAnxiCiWLmVpuMsMIETEoFE4K7/PIqaVcrbq1Su78o1W+zOPLoBJ2iMnLRJaqjO9RELUSQRM/oFb1ZYL1Y79bHojVnZTPH6A+szx+Xm5Ar</latexit>

C(s<2) = 0
<latexit sha1_base64="2cJFVBDaDWDeuhLHIOXl44eaPe8="></latexit>

C(2)
�+ ⇠ h13ih32i[14][42]

�
c1(h12i+ [12])2 + c2(h12i � [12])2

�
+ c3(. . . )

<latexit sha1_base64="2xRXA2DYFpZlq6QDcNDzfk7p/B8="></latexit>

lim
~!0

1X

2s=0

e�|z|2

(2s)!

�
C(s)

L3
+ C(s)

�
= (1� �)

w2 � z2

2
E(x, y, z)

<latexit sha1_base64="olzqfZVyjL81XLNLMMXbclJbBek="></latexit>

C(s) = �h13ih32i[14][42]
2m4

(&3 + &4)
⇣
P (2s)
4 � P (2s�2)

2

⌘ resulting contact term
<latexit sha1_base64="qje4/9rtz398LbX1GEdV9wQBRBQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqialVDdC0Y3LCvYBbQiT6aQdOpmEmYlQQ7/EjQtF3Pop7vwbp20W2nrgXg7n3MvcOUHCmdKO822trW9sbm0Xdoq7e/sHJfvwqK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw78zuPVCoWiwc9SagX4aFgISNYG8m3S8R30TUiftV096Lm22Wn4syBVombkzLkaPr2V38QkzSiQhOOleq5TqK9DEvNCKfTYj9VNMFkjIe0Z6jAEVVeNj98is6MMkBhLE0Jjebq740MR0pNosBMRliP1LI3E//zeqkOr7yMiSTVVJDFQ2HKkY7RLAU0YJISzSeGYCKZuRWREZaYaJNV0YTgLn95lbSrFbdeqd/Xyo2bPI4CnMApnIMLl9CAO2hCCwik8Ayv8GY9WS/Wu/WxGF2z8p1j+APr8wcJZ5DB</latexit>

c1 = c2 = 1/4
<latexit sha1_base64="fzr/P0FZehPR6nIBgrjbV9/DDaQ=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolK9SIUvXisYD+gDWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8NOME/YgOJA85o8ZKLda7IDfE7ZXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdI8r3jVSvXhsly7zeMowDGcwBl4cAU1uIc6NIDBCJ7hFd6cxHlx3p2PeeuKk88cwR84nz+RCY5t</latexit>

c3 = 0

<latexit sha1_base64="cHUM5pMZTNHEh5kgsU3CM1rc0eQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6fHIbkHdL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m987JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZPU8GXCEzYmIJZYrbWwkbUUWZsRGVbAje8surpHVR9WrV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMBz/AKb86j8+K8Ox+L1oKTzxzDHzifP0W9kCQ=</latexit>

=)



Classical Compton Amplitudes

• H.S. constraints: massive gauge invar.


            massless limit — finite for          , otherwise 


• classical constraints:           fixes       multipole 

Kerr (gravity)

<latexit sha1_base64="m+JrUi9ZmgCaEfluNUIBx70jS9I=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahXkqiUj0oFHvxWMF+QBrLZrtpl26yYXcilNCf4cWDIl79Nd78N27bHLT1wcDjvRlm5vmx4Bps+9vKrayurW/kNwtb2zu7e8X9g5aWiaKsSaWQquMTzQSPWBM4CNaJFSOhL1jbH9WnfvuJKc1l9ADjmHkhGUQ84JSAkdz6Y1rW1+enkxu7VyzZFXsGvEycjJRQhkav+NXtS5qELAIqiNauY8fgpUQBp4JNCt1Es5jQERkw19CIhEx76ezkCT4xSh8HUpmKAM/U3xMpCbUeh77pDAkM9aI3Ff/z3ASCKy/lUZwAi+h8UZAIDBJP/8d9rhgFMTaEUMXNrZgOiSIUTEoFE4Kz+PIyaZ1VnGqlen9Rqt1mceTRETpGZeSgS1RDd6iBmogiiZ7RK3qzwHqx3q2PeWvOymYO0R9Ynz+ZI5As</latexit>

C(s<3) = 0
<latexit sha1_base64="sQc/IKjXd3XmGF7zfceir+VO6f4=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xkUcCGzI79MKE2dllZtaEEH7CiweN8ervePNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju7nfekKleSwfzSRBP6IDyUPOqLFSW5OuwDGp9Iolt+wuQNaJl5ESZKj3il/dfszSCKVhgmrd8dzE+FOqDGcCZ4VuqjGhbEQH2LFU0gi1P13cOyMXVumTMFa2pCEL9ffElEZaT6LAdkbUDPWqNxf/8zqpCW/8KZdJalCy5aIwFcTEZP486XOFzIiJJZQpbm8lbEgVZcZGVLAheKsvr5NmpexVy9WHq1LtNosjD2dwDpfgwTXU4B7q0AAGAp7hFd6csfPivDsfy9ack82cwh84nz8Ouo9Y</latexit>

s  2
<latexit sha1_base64="KZRgnRLqiHDPClZGJ8B9zusYUpU=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSIIYtmVUj0WvXisYD+g3ZZsmm1Dk+ySZJWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5QcyZNq777aysrq1vbOa28ts7u3v7hYPDho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB6HbqNx+p0iySD2YcU1/ggWQhI9hYqdvRTCDRTS/K+rw86RWKbsmdAS0TLyNFyFDrFb46/YgkgkpDONa67bmx8VOsDCOcTvKdRNMYkxEe0LalEguq/XR29QSdWqWPwkjZkgbN1N8TKRZaj0VgOwU2Q73oTcX/vHZiwms/ZTJODJVkvihMODIRmkaA+kxRYvjYEkwUs7ciMsQKE2ODytsQvMWXl0njsuRVSpX7crF6k8WRg2M4gTPw4AqqcAc1qAMBBc/wCm/Ok/PivDsf89YVJ5s5gj9wPn8AYHORzA==</latexit>

⇠ m�4s+4

<latexit sha1_base64="bQSbmbeCXYnJBvECu2nR2v3J2co=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiV6EoBePEc0DkiXMTmaTIbOzy0yvEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9uZ33ri2ohYPeI44X5EB0qEglG00oO5rvSKJbfszkFWiZeREmSo94pf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYZX/kSoJEWu2GJRmEqCMZn9TfpCc4ZybAllWthbCRtSTRnadAo2BG/55VXSrJS9arl6f1Gq3WRx5OEETuEcPLiEGtxBHRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MH1W+NhQ==</latexit>

s = 2
<latexit sha1_base64="DDcuvsHhy+OveKFoANlEfsNemEI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiOBlfQOszBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUUdagsYhVO0DNBJesYbgRrJ0ohlEgWCsY3cz81hNTmsfywYwT5kc4kDzkFI2V7vGx0iuW3LI7B1klXkZKkKHeK351+zFNIyYNFah1x3MT409QGU4Fmxa6qWYJ0hEOWMdSiRHT/mR+6pScWaVPwljZkobM1d8TE4y0HkeB7YzQDPWyNxP/8zqpCa/8CZdJapiki0VhKoiJyexv0ueKUSPGliBV3N5K6BAVUmPTKdgQvOWXV0nzouxVy9W7Sql2ncWRhxM4hXPw4BJqcAt1aACFATzDK7w5wnlx3p2PRWvOyWaO4Q+czx/vMI2W</latexit>

a4

<latexit sha1_base64="Kdeox/TgqtnYtxMTamz851SNrnM="></latexit>

C(s) =
h13i2h32i2[14]2[42]2

2m6
&3&4

⇥
P (2s�2)
5|&1 + P (2s�2)

5|&2

⇤

<latexit sha1_base64="bxm5co/DBy4rOpNPB9BJ5ff4ZnM="></latexit>

MKerr(1,2, 3
�, 4+) = M0

h
excoshz � w exsinhcz +

w2 � z2

2
E(x, y, z)

+(w2 � z2)(x� w)Ẽ(x, y, z)� m2q2(w2 � z2)2

2(p · q?)2
@

@x
Ẽ(x, y, z)

i

 resulting contact term
<latexit sha1_base64="cHUM5pMZTNHEh5kgsU3CM1rc0eQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6fHIbkHdL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m987JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZPU8GXCEzYmIJZYrbWwkbUUWZsRGVbAje8surpHVR9WrV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMBz/AKb86j8+K8Ox+L1oKTzxzDHzifP0W9kCQ=</latexit>

=)

<latexit sha1_base64="bxm5co/DBy4rOpNPB9BJ5ff4ZnM="></latexit>

MKerr(1,2, 3
�, 4+) = M0

h
excoshz � w exsinhcz +

w2 � z2

2
E(x, y, z)

+(w2 � z2)(x� w)Ẽ(x, y, z)� m2q2(w2 � z2)2

2(p · q?)2
@

@x
Ẽ(x, y, z)

i
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•                            computed                up to         from BHPT techniques


—book-keeping variables:       tags terms sensitive to boundary conditions 

                                      tags terms generated from expanding  
                                      polygamma functions 

• match                                  , for 


                     

<latexit sha1_base64="Nkr5UH5owlR2BhlAIgXLOfTAoCc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUSkuiy6cSNU6AvaECbT23boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs+cIOZMacf5ttbWNza3tks75d29/YND+6jSUVEiKbRpxCPZC4gCzgS0NdMcerEEEgYcusH0Nve7jyAVi0RLz2LwQjIWbMQo0Uby7cogJHpCCU/vMz9tQTLNfLvq1Jw58CpxC1JFBZq+/TUYRjQJQWjKiVJ914m1lxKpGeWQlQeJgpjQKRlD31BBQlBeOs+e4TOjDPEokuYJjefq742UhErNwsBM5knVspeL/3n9RI+uvZSJONEg6OLQKOFYRzgvAg+ZBKr5zBBCJTNZMZ0QSag2dZVNCe7yl1dJ56Lm1mv1h8tq46aoo4RO0Ck6Ry66Qg10h5qojSh6Qs/oFb1ZmfVivVsfi9E1q9g5Rn9gff4AnQyU1Q==</latexit>

MTeuk

<latexit sha1_base64="fSOikKFd9LNVDSZMq2xOl8gsaHc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK9/Sx2iuW3LI7B1klXkZKkKHeK351+zFLI66QSWpMx3MT9CdUo2CSTwvd1PCEshEd8I6likbc+JP5qVNyZpU+CWNtSyGZq78nJjQyZhwFtjOiODTL3kz8z+ukGF75E6GSFLlii0VhKgnGZPY36QvNGcqxJZRpYW8lbEg1ZWjTKdgQvOWXV0nzouxVypW7y1LtOosjDydwCufgQRVqcAt1aACDATzDK7w50nlx3p2PRWvOyWaO4Q+czx/zvI2Z</latexit>

a7

<latexit sha1_base64="WvfhfYEsQkO0vs3CtkdP1Qvrp9g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX/jps1Bqw8GHu/NMDMvTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrI0fBeolmRIaCdcPpbe53H5k2PFYPOEtYIMlY8YhTgrk0YEiG1ZpX9xZw/xK/IDUo0BpWPwejmKaSKaSCGNP3vQSDjGjkVLB5ZZAalhA6JWPWt1QRyUyQLW6du2dWGblRrG0pdBfqz4mMSGNmMrSdkuDErHq5+J/XTzG6DjKukhSZostFUSpcjN38cXfENaMoZpYQqrm91aUToglFG0/FhuCvvvyXdC7qfqPeuL+sNW+KOMpwAqdwDj5cQRPuoAVtoDCBJ3iBV0c6z86b875sLTnFzDH8gvPxDQx0jkM=</latexit>⌘
<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵

[Bautista et al. ’22]

<latexit sha1_base64="FNvS/wexftyR3RxLD/VegaceJok=">AAACC3icbZC7SgNBFIZnvcZ4W7W0GRIEG8OuSLQRgjY2QoTcIFmW2clJMmT2wsysEJbtbXwVGwtFbH0BO9/G2WSLmPjDwMd/zmHO+b2IM6ks68dYWV1b39gsbBW3d3b39s2Dw5YMY0GhSUMeio5HJHAWQFMxxaETCSC+x6HtjW+zevsRhGRh0FCTCByfDAM2YJQobblmqecTNaKEJ/fp2Ry7SQPicYqvseWaZatiTYWXwc6hjHLVXfO71w9p7EOgKCdSdm0rUk5ChGKUQ1rsxRIiQsdkCF2NAfFBOsn0lhSfaKePB6HQL1B46s5PJMSXcuJ7ujPbVi7WMvO/WjdWgysnYUEUKwjo7KNBzLEKcRYM7jMBVPGJBkIF07tiOiKCUKXjK+oQ7MWTl6F1XrGrlerDRbl2k8dRQMeohE6RjS5RDd2hOmoiip7QC3pD78az8Wp8GJ+z1hUjnzlCf2R8/QKlYZrK</latexit>

M�MTeuk = 0
<latexit sha1_base64="qu0JXK3XFcazpLbMrI209fdUrZQ=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6CUQ9OIxgnlAdg29k9lkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP5FCo21/Wyura+sbm4Wt4vbO7t5+6eCwpeNUMd5ksYxVxwfNpYh4EwVK3kkUh9CXvO2PbqZ++5ErLeLoHscJ90IYRCIQDNBIDy5HoDUXZDKEmt0rle2KPQNdJk5OyiRHo1f6cvsxS0MeIZOgddexE/QyUCiY5JOim2qeABvBgHcNjSDk2stmV0/oqVH6NIiVqQjpTP09kUGo9Tj0TWcIONSL3lT8z+umGFx5mYiSFHnE5ouCVFKM6TQC2heKM5RjQ4ApYW6lbAgKGJqgiiYEZ/HlZdI6rzjVSvXuoly/zuMokGNyQs6IQy5JndySBmkSRhR5Jq/kzXqyXqx362PeumLlM0fkD6zPH2q9kdM=</latexit>

⌘ = ↵ = 0



Comparisons to Teukolsky

25

•                            computed                up to         from BHPT techniques


—book-keeping variables:       tags terms sensitive to boundary conditions 

                                      tags terms generated from expanding  
                                      polygamma functions 

• match                                  , for 


— introduce contact term to fix                        modified


                      

<latexit sha1_base64="Nkr5UH5owlR2BhlAIgXLOfTAoCc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUSkuiy6cSNU6AvaECbT23boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs+cIOZMacf5ttbWNza3tks75d29/YND+6jSUVEiKbRpxCPZC4gCzgS0NdMcerEEEgYcusH0Nve7jyAVi0RLz2LwQjIWbMQo0Uby7cogJHpCCU/vMz9tQTLNfLvq1Jw58CpxC1JFBZq+/TUYRjQJQWjKiVJ914m1lxKpGeWQlQeJgpjQKRlD31BBQlBeOs+e4TOjDPEokuYJjefq742UhErNwsBM5knVspeL/3n9RI+uvZSJONEg6OLQKOFYRzgvAg+ZBKr5zBBCJTNZMZ0QSag2dZVNCe7yl1dJ56Lm1mv1h8tq46aoo4RO0Ck6Ry66Qg10h5qojSh6Qs/oFb1ZmfVivVsfi9E1q9g5Rn9gff4AnQyU1Q==</latexit>

MTeuk

<latexit sha1_base64="5/ANPx79OS3lkrNR+FwRoPc2r1A=">AAAB73icbVDLTgJBEJzFF+IL9ehlIjHxRHaNokeiF4+YyCOBlfQODUyYnV1nZk3Ihp/w4kFjvPo73vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCkCj4BLrhhuBrVghhIHAZjC6mfrNJ1SaR/LejGP0QxhI3ucMjJVaHTRA4eGiWyy5ZXcGuky8jJRIhlq3+NXpRSwJURomQOu258bGT0EZzgROCp1EYwxsBANsWyohRO2ns3sn9MQqPdqPlC1p6Ez9PZFCqPU4DGxnCGaoF72p+J/XTkz/yk+5jBODks0X9RNBTUSnz9MeV8iMGFsCTHF7K2VDUMCMjahgQ/AWX14mjbOyVylX7s5L1essjjw5IsfklHjkklTJLamROmFEkGfySt6cR+fFeXc+5q05J5s5JH/gfP4ASm6Pfw==</latexit>

⌘a5
<latexit sha1_base64="cHUM5pMZTNHEh5kgsU3CM1rc0eQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6fHIbkHdL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m987JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZPU8GXCEzYmIJZYrbWwkbUUWZsRGVbAje8surpHVR9WrV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMBz/AKb86j8+K8Ox+L1oKTzxzDHzifP0W9kCQ=</latexit>

=)
<latexit sha1_base64="OxKqU6n93J4U0+hommmZAI/eFlQ="></latexit>

C(s) =
h13i2h32i2[14]2[42]2

2m6
&3&4

h
(1+⌘)P (2s�2)

5|&1 + (1�⌘)P (2s�2)
5|&2

i

<latexit sha1_base64="fSOikKFd9LNVDSZMq2xOl8gsaHc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK9/Sx2iuW3LI7B1klXkZKkKHeK351+zFLI66QSWpMx3MT9CdUo2CSTwvd1PCEshEd8I6likbc+JP5qVNyZpU+CWNtSyGZq78nJjQyZhwFtjOiODTL3kz8z+ukGF75E6GSFLlii0VhKgnGZPY36QvNGcqxJZRpYW8lbEg1ZWjTKdgQvOWXV0nzouxVypW7y1LtOosjDydwCufgQRVqcAt1aACDATzDK7w50nlx3p2PRWvOyWaO4Q+czx/zvI2Z</latexit>

a7

<latexit sha1_base64="WvfhfYEsQkO0vs3CtkdP1Qvrp9g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX/jps1Bqw8GHu/NMDMvTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrI0fBeolmRIaCdcPpbe53H5k2PFYPOEtYIMlY8YhTgrk0YEiG1ZpX9xZw/xK/IDUo0BpWPwejmKaSKaSCGNP3vQSDjGjkVLB5ZZAalhA6JWPWt1QRyUyQLW6du2dWGblRrG0pdBfqz4mMSGNmMrSdkuDErHq5+J/XTzG6DjKukhSZostFUSpcjN38cXfENaMoZpYQqrm91aUToglFG0/FhuCvvvyXdC7qfqPeuL+sNW+KOMpwAqdwDj5cQRPuoAVtoDCBJ3iBV0c6z86b875sLTnFzDH8gvPxDQx0jkM=</latexit>⌘
<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵

[Bautista et al. ’22]

<latexit sha1_base64="FNvS/wexftyR3RxLD/VegaceJok=">AAACC3icbZC7SgNBFIZnvcZ4W7W0GRIEG8OuSLQRgjY2QoTcIFmW2clJMmT2wsysEJbtbXwVGwtFbH0BO9/G2WSLmPjDwMd/zmHO+b2IM6ks68dYWV1b39gsbBW3d3b39s2Dw5YMY0GhSUMeio5HJHAWQFMxxaETCSC+x6HtjW+zevsRhGRh0FCTCByfDAM2YJQobblmqecTNaKEJ/fp2Ry7SQPicYqvseWaZatiTYWXwc6hjHLVXfO71w9p7EOgKCdSdm0rUk5ChGKUQ1rsxRIiQsdkCF2NAfFBOsn0lhSfaKePB6HQL1B46s5PJMSXcuJ7ujPbVi7WMvO/WjdWgysnYUEUKwjo7KNBzLEKcRYM7jMBVPGJBkIF07tiOiKCUKXjK+oQ7MWTl6F1XrGrlerDRbl2k8dRQMeohE6RjS5RDd2hOmoiip7QC3pD78az8Wp8GJ+z1hUjnzlCf2R8/QKlYZrK</latexit>

M�MTeuk = 0
<latexit sha1_base64="qu0JXK3XFcazpLbMrI209fdUrZQ=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6CUQ9OIxgnlAdg29k9lkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP5FCo21/Wyura+sbm4Wt4vbO7t5+6eCwpeNUMd5ksYxVxwfNpYh4EwVK3kkUh9CXvO2PbqZ++5ErLeLoHscJ90IYRCIQDNBIDy5HoDUXZDKEmt0rle2KPQNdJk5OyiRHo1f6cvsxS0MeIZOgddexE/QyUCiY5JOim2qeABvBgHcNjSDk2stmV0/oqVH6NIiVqQjpTP09kUGo9Tj0TWcIONSL3lT8z+umGFx5mYiSFHnE5ouCVFKM6TQC2heKM5RjQ4ApYW6lbAgKGJqgiiYEZ/HlZdI6rzjVSvXuoly/zuMokGNyQs6IQy5JndySBmkSRhR5Jq/kzXqyXqx362PeumLlM0fkD6zPH2q9kdM=</latexit>

⌘ = ↵ = 0

<latexit sha1_base64="OxKqU6n93J4U0+hommmZAI/eFlQ="></latexit>

C(s) =
h13i2h32i2[14]2[42]2

2m6
&3&4

h
(1+⌘)P (2s�2)

5|&1 + (1�⌘)P (2s�2)
5|&2

i
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•                            computed                up to         from BHPT techniques


—book-keeping variables:       tags terms sensitive to boundary conditions 

                                      tags terms generated from expanding  
                                      polygamma functions 

• match                                  , for 


— introduce contact term to fix                        modified


                      

<latexit sha1_base64="Nkr5UH5owlR2BhlAIgXLOfTAoCc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUSkuiy6cSNU6AvaECbT23boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs+cIOZMacf5ttbWNza3tks75d29/YND+6jSUVEiKbRpxCPZC4gCzgS0NdMcerEEEgYcusH0Nve7jyAVi0RLz2LwQjIWbMQo0Uby7cogJHpCCU/vMz9tQTLNfLvq1Jw58CpxC1JFBZq+/TUYRjQJQWjKiVJ914m1lxKpGeWQlQeJgpjQKRlD31BBQlBeOs+e4TOjDPEokuYJjefq742UhErNwsBM5knVspeL/3n9RI+uvZSJONEg6OLQKOFYRzgvAg+ZBKr5zBBCJTNZMZ0QSag2dZVNCe7yl1dJ56Lm1mv1h8tq46aoo4RO0Ck6Ry66Qg10h5qojSh6Qs/oFb1ZmfVivVsfi9E1q9g5Rn9gff4AnQyU1Q==</latexit>

MTeuk

<latexit sha1_base64="5/ANPx79OS3lkrNR+FwRoPc2r1A=">AAAB73icbVDLTgJBEJzFF+IL9ehlIjHxRHaNokeiF4+YyCOBlfQODUyYnV1nZk3Ihp/w4kFjvPo73vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCkCj4BLrhhuBrVghhIHAZjC6mfrNJ1SaR/LejGP0QxhI3ucMjJVaHTRA4eGiWyy5ZXcGuky8jJRIhlq3+NXpRSwJURomQOu258bGT0EZzgROCp1EYwxsBANsWyohRO2ns3sn9MQqPdqPlC1p6Ez9PZFCqPU4DGxnCGaoF72p+J/XTkz/yk+5jBODks0X9RNBTUSnz9MeV8iMGFsCTHF7K2VDUMCMjahgQ/AWX14mjbOyVylX7s5L1essjjw5IsfklHjkklTJLamROmFEkGfySt6cR+fFeXc+5q05J5s5JH/gfP4ASm6Pfw==</latexit>

⌘a5
<latexit sha1_base64="cHUM5pMZTNHEh5kgsU3CM1rc0eQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6fHIbkHdL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m987JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZPU8GXCEzYmIJZYrbWwkbUUWZsRGVbAje8surpHVR9WrV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMBz/AKb86j8+K8Ox+L1oKTzxzDHzifP0W9kCQ=</latexit>

=)
<latexit sha1_base64="OxKqU6n93J4U0+hommmZAI/eFlQ="></latexit>

C(s) =
h13i2h32i2[14]2[42]2

2m6
&3&4

h
(1+⌘)P (2s�2)

5|&1 + (1�⌘)P (2s�2)
5|&2

i

<latexit sha1_base64="fSOikKFd9LNVDSZMq2xOl8gsaHc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK9/Sx2iuW3LI7B1klXkZKkKHeK351+zFLI66QSWpMx3MT9CdUo2CSTwvd1PCEshEd8I6likbc+JP5qVNyZpU+CWNtSyGZq78nJjQyZhwFtjOiODTL3kz8z+ukGF75E6GSFLlii0VhKgnGZPY36QvNGcqxJZRpYW8lbEg1ZWjTKdgQvOWXV0nzouxVypW7y1LtOosjDydwCufgQRVqcAt1aACDATzDK7w50nlx3p2PRWvOyWaO4Q+czx/zvI2Z</latexit>

a7

<latexit sha1_base64="WvfhfYEsQkO0vs3CtkdP1Qvrp9g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX/jps1Bqw8GHu/NMDMvTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrI0fBeolmRIaCdcPpbe53H5k2PFYPOEtYIMlY8YhTgrk0YEiG1ZpX9xZw/xK/IDUo0BpWPwejmKaSKaSCGNP3vQSDjGjkVLB5ZZAalhA6JWPWt1QRyUyQLW6du2dWGblRrG0pdBfqz4mMSGNmMrSdkuDErHq5+J/XTzG6DjKukhSZostFUSpcjN38cXfENaMoZpYQqrm91aUToglFG0/FhuCvvvyXdC7qfqPeuL+sNW+KOMpwAqdwDj5cQRPuoAVtoDCBJ3iBV0c6z86b875sLTnFzDH8gvPxDQx0jkM=</latexit>⌘
<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵

[Bautista et al. ’22]

modified Kerr amp.
<latexit sha1_base64="6qTv7nV0x/3T2HxAlEUZmOJ0OFo="></latexit>

MKerr(1,2, 3
�, 4+) = M0

h
excoshz � w exsinhcz +

w2 � z2

2
E + (w2 � z2)(x� w)Ẽ

�m2q2(w2 � z2)2

2(p · q?)2
⇣@Ẽ
@x

+ ⌘
@Ẽ

@z

⌘
+ ↵C(1)

↵

i

<latexit sha1_base64="bxm5co/DBy4rOpNPB9BJ5ff4ZnM="></latexit>

MKerr(1,2, 3
�, 4+) = M0

h
excoshz � w exsinhcz +

w2 � z2

2
E(x, y, z)

+(w2 � z2)(x� w)Ẽ(x, y, z)� m2q2(w2 � z2)2

2(p · q?)2
@

@x
Ẽ(x, y, z)

i

<latexit sha1_base64="FNvS/wexftyR3RxLD/VegaceJok=">AAACC3icbZC7SgNBFIZnvcZ4W7W0GRIEG8OuSLQRgjY2QoTcIFmW2clJMmT2wsysEJbtbXwVGwtFbH0BO9/G2WSLmPjDwMd/zmHO+b2IM6ks68dYWV1b39gsbBW3d3b39s2Dw5YMY0GhSUMeio5HJHAWQFMxxaETCSC+x6HtjW+zevsRhGRh0FCTCByfDAM2YJQobblmqecTNaKEJ/fp2Ry7SQPicYqvseWaZatiTYWXwc6hjHLVXfO71w9p7EOgKCdSdm0rUk5ChGKUQ1rsxRIiQsdkCF2NAfFBOsn0lhSfaKePB6HQL1B46s5PJMSXcuJ7ujPbVi7WMvO/WjdWgysnYUEUKwjo7KNBzLEKcRYM7jMBVPGJBkIF07tiOiKCUKXjK+oQ7MWTl6F1XrGrlerDRbl2k8dRQMeohE6RjS5RDd2hOmoiip7QC3pD78az8Wp8GJ+z1hUjnzlCf2R8/QKlYZrK</latexit>

M�MTeuk = 0
<latexit sha1_base64="qu0JXK3XFcazpLbMrI209fdUrZQ=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6CUQ9OIxgnlAdg29k9lkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP5FCo21/Wyura+sbm4Wt4vbO7t5+6eCwpeNUMd5ksYxVxwfNpYh4EwVK3kkUh9CXvO2PbqZ++5ErLeLoHscJ90IYRCIQDNBIDy5HoDUXZDKEmt0rle2KPQNdJk5OyiRHo1f6cvsxS0MeIZOgddexE/QyUCiY5JOim2qeABvBgHcNjSDk2stmV0/oqVH6NIiVqQjpTP09kUGo9Tj0TWcIONSL3lT8z+umGFx5mYiSFHnE5ouCVFKM6TQC2heKM5RjQ4ApYW6lbAgKGJqgiiYEZ/HlZdI6rzjVSvXuoly/zuMokGNyQs6IQy5JndySBmkSRhR5Jq/kzXqyXqx362PeumLlM0fkD6zPH2q9kdM=</latexit>

⌘ = ↵ = 0
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•                            computed                up to         from BHPT techniques


—book-keeping variables:       tags terms sensitive to boundary conditions 

                                      tags terms generated from expanding  
                                      polygamma functions 

• match                                  , for 


— introduce contact term to fix                        modified


                      

<latexit sha1_base64="Nkr5UH5owlR2BhlAIgXLOfTAoCc=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclUSkuiy6cSNU6AvaECbT23boZBJmJmIJ+RU3LhRx64+482+ctFlo64GBwzn3cs+cIOZMacf5ttbWNza3tks75d29/YND+6jSUVEiKbRpxCPZC4gCzgS0NdMcerEEEgYcusH0Nve7jyAVi0RLz2LwQjIWbMQo0Uby7cogJHpCCU/vMz9tQTLNfLvq1Jw58CpxC1JFBZq+/TUYRjQJQWjKiVJ914m1lxKpGeWQlQeJgpjQKRlD31BBQlBeOs+e4TOjDPEokuYJjefq742UhErNwsBM5knVspeL/3n9RI+uvZSJONEg6OLQKOFYRzgvAg+ZBKr5zBBCJTNZMZ0QSag2dZVNCe7yl1dJ56Lm1mv1h8tq46aoo4RO0Ck6Ry66Qg10h5qojSh6Qs/oFb1ZmfVivVsfi9E1q9g5Rn9gff4AnQyU1Q==</latexit>

MTeuk

<latexit sha1_base64="5/ANPx79OS3lkrNR+FwRoPc2r1A=">AAAB73icbVDLTgJBEJzFF+IL9ehlIjHxRHaNokeiF4+YyCOBlfQODUyYnV1nZk3Ihp/w4kFjvPo73vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCkCj4BLrhhuBrVghhIHAZjC6mfrNJ1SaR/LejGP0QxhI3ucMjJVaHTRA4eGiWyy5ZXcGuky8jJRIhlq3+NXpRSwJURomQOu258bGT0EZzgROCp1EYwxsBANsWyohRO2ns3sn9MQqPdqPlC1p6Ez9PZFCqPU4DGxnCGaoF72p+J/XTkz/yk+5jBODks0X9RNBTUSnz9MeV8iMGFsCTHF7K2VDUMCMjahgQ/AWX14mjbOyVylX7s5L1essjjw5IsfklHjkklTJLamROmFEkGfySt6cR+fFeXc+5q05J5s5JH/gfP4ASm6Pfw==</latexit>

⌘a5
<latexit sha1_base64="cHUM5pMZTNHEh5kgsU3CM1rc0eQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6fHIbkHdL1fcqjsHWSVeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgROS71UY0LZmA6xa6mkEWo/m987JWdWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZPU8GXCEzYmIJZYrbWwkbUUWZsRGVbAje8surpHVR9WrV2v1lpX6Tx1GEEziFc/DgCupwBw1oAgMBz/AKb86j8+K8Ox+L1oKTzxzDHzifP0W9kCQ=</latexit>

=)
<latexit sha1_base64="OxKqU6n93J4U0+hommmZAI/eFlQ="></latexit>

C(s) =
h13i2h32i2[14]2[42]2

2m6
&3&4

h
(1+⌘)P (2s�2)

5|&1 + (1�⌘)P (2s�2)
5|&2

i

<latexit sha1_base64="fSOikKFd9LNVDSZMq2xOl8gsaHc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK9/Sx2iuW3LI7B1klXkZKkKHeK351+zFLI66QSWpMx3MT9CdUo2CSTwvd1PCEshEd8I6likbc+JP5qVNyZpU+CWNtSyGZq78nJjQyZhwFtjOiODTL3kz8z+ukGF75E6GSFLlii0VhKgnGZPY36QvNGcqxJZRpYW8lbEg1ZWjTKdgQvOWXV0nzouxVypW7y1LtOosjDydwCufgQRVqcAt1aACDATzDK7w50nlx3p2PRWvOyWaO4Q+czx/zvI2Z</latexit>

a7

<latexit sha1_base64="WvfhfYEsQkO0vs3CtkdP1Qvrp9g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX/jps1Bqw8GHu/NMDMvTAQ36HlfTmltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrI0fBeolmRIaCdcPpbe53H5k2PFYPOEtYIMlY8YhTgrk0YEiG1ZpX9xZw/xK/IDUo0BpWPwejmKaSKaSCGNP3vQSDjGjkVLB5ZZAalhA6JWPWt1QRyUyQLW6du2dWGblRrG0pdBfqz4mMSGNmMrSdkuDErHq5+J/XTzG6DjKukhSZostFUSpcjN38cXfENaMoZpYQqrm91aUToglFG0/FhuCvvvyXdC7qfqPeuL+sNW+KOMpwAqdwDj5cQRPuoAVtoDCBJ3iBV0c6z86b875sLTnFzDH8gvPxDQx0jkM=</latexit>⌘
<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵

[Bautista et al. ’22]

modified Kerr amp.
<latexit sha1_base64="6qTv7nV0x/3T2HxAlEUZmOJ0OFo="></latexit>

MKerr(1,2, 3
�, 4+) = M0

h
excoshz � w exsinhcz +

w2 � z2

2
E + (w2 � z2)(x� w)Ẽ

�m2q2(w2 � z2)2

2(p · q?)2
⇣@Ẽ
@x

+ ⌘
@Ẽ

@z

⌘
+ ↵C(1)

↵

i

<latexit sha1_base64="bxm5co/DBy4rOpNPB9BJ5ff4ZnM="></latexit>

MKerr(1,2, 3
�, 4+) = M0

h
excoshz � w exsinhcz +

w2 � z2

2
E(x, y, z)

+(w2 � z2)(x� w)Ẽ(x, y, z)� m2q2(w2 � z2)2

2(p · q?)2
@

@x
Ẽ(x, y, z)

i

<latexit sha1_base64="FNvS/wexftyR3RxLD/VegaceJok=">AAACC3icbZC7SgNBFIZnvcZ4W7W0GRIEG8OuSLQRgjY2QoTcIFmW2clJMmT2wsysEJbtbXwVGwtFbH0BO9/G2WSLmPjDwMd/zmHO+b2IM6ks68dYWV1b39gsbBW3d3b39s2Dw5YMY0GhSUMeio5HJHAWQFMxxaETCSC+x6HtjW+zevsRhGRh0FCTCByfDAM2YJQobblmqecTNaKEJ/fp2Ry7SQPicYqvseWaZatiTYWXwc6hjHLVXfO71w9p7EOgKCdSdm0rUk5ChGKUQ1rsxRIiQsdkCF2NAfFBOsn0lhSfaKePB6HQL1B46s5PJMSXcuJ7ujPbVi7WMvO/WjdWgysnYUEUKwjo7KNBzLEKcRYM7jMBVPGJBkIF07tiOiKCUKXjK+oQ7MWTl6F1XrGrlerDRbl2k8dRQMeohE6RjS5RDd2hOmoiip7QC3pD78az8Wp8GJ+z1hUjnzlCf2R8/QKlYZrK</latexit>

M�MTeuk = 0
<latexit sha1_base64="qu0JXK3XFcazpLbMrI209fdUrZQ=">AAAB9XicbVDLSgNBEJz1GeMr6tHLYBA8hV2R6CUQ9OIxgnlAdg29k9lkyOyDmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+4uP5FCo21/Wyura+sbm4Wt4vbO7t5+6eCwpeNUMd5ksYxVxwfNpYh4EwVK3kkUh9CXvO2PbqZ++5ErLeLoHscJ90IYRCIQDNBIDy5HoDUXZDKEmt0rle2KPQNdJk5OyiRHo1f6cvsxS0MeIZOgddexE/QyUCiY5JOim2qeABvBgHcNjSDk2stmV0/oqVH6NIiVqQjpTP09kUGo9Tj0TWcIONSL3lT8z+umGFx5mYiSFHnE5ouCVFKM6TQC2heKM5RjQ4ApYW6lbAgKGJqgiiYEZ/HlZdI6rzjVSvXuoly/zuMokGNyQs6IQy5JndySBmkSRhR5Jq/kzXqyXqx362PeumLlM0fkD6zPH2q9kdM=</latexit>

⌘ = ↵ = 0



Summary of Results
• constructed consistent higher spin th. for Kerr and root-Kerr


• quantum Compton amplitudes — Kerr +            


• studied classical limit with spin


• classical all-order-in spin Compton amplitudes — Kerr + 


— Kerr Compton: matches up to       


             compatible with        


             predicts            for  

<latexit sha1_base64="fSOikKFd9LNVDSZMq2xOl8gsaHc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNAY9ELx4xyiOBlcwOszBhdnYz02tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmZ+64lrI2L1gOOE+xEdKBEKRtFK9/Sx2iuW3LI7B1klXkZKkKHeK351+zFLI66QSWpMx3MT9CdUo2CSTwvd1PCEshEd8I6likbc+JP5qVNyZpU+CWNtSyGZq78nJjQyZhwFtjOiODTL3kz8z+ukGF75E6GSFLlii0VhKgnGZPY36QvNGcqxJZRpYW8lbEg1ZWjTKdgQvOWXV0nzouxVypW7y1LtOosjDydwCufgQRVqcAt1aACDATzDK7w50nlx3p2PRWvOyWaO4Q+czx/zvI2Z</latexit>

a7

<latexit sha1_base64="AetkZabw//Vvw82d/sHcElEvtBA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lEqseiF8FLBfsBTSib7bRduvlwdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82PBFdr2t1FYW9/Y3Cpul3Z29/YPzMNyS0WJZNBkkYhkx6cKBA+hiRwFdGIJNPAFtP3xzcxvP4FUPAofcBqDF9BhyAecUdRSzyy76lFi6iJMML0DKbOsZ1bsqj2HtUqcnFRIjkbP/HL7EUsCCJEJqlTXsWP0UiqRMwFZyU0UxJSN6RC6moY0AOWl89sz61QrfWsQSV0hWnP190RKA6Wmga87A4ojtezNxP+8boKDKy/lYZwghGyxaJAICyNrFoTV5xIYiqkmlEmub7XYiErKUMdV0iE4yy+vktZ51alVa/cXlfp1HkeRHJMTckYccknq5JY0SJMwMiHP5JW8GZnxYrwbH4vWgpHPHJE/MD5/ADImlTU=</latexit>p
Kerr

<latexit sha1_base64="AetkZabw//Vvw82d/sHcElEvtBA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lEqseiF8FLBfsBTSib7bRduvlwdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82PBFdr2t1FYW9/Y3Cpul3Z29/YPzMNyS0WJZNBkkYhkx6cKBA+hiRwFdGIJNPAFtP3xzcxvP4FUPAofcBqDF9BhyAecUdRSzyy76lFi6iJMML0DKbOsZ1bsqj2HtUqcnFRIjkbP/HL7EUsCCJEJqlTXsWP0UiqRMwFZyU0UxJSN6RC6moY0AOWl89sz61QrfWsQSV0hWnP190RKA6Wmga87A4ojtezNxP+8boKDKy/lYZwghGyxaJAICyNrFoTV5xIYiqkmlEmub7XYiErKUMdV0iE4yy+vktZ51alVa/cXlfp1HkeRHJMTckYccknq5JY0SJMwMiHP5JW8GZnxYrwbH4vWgpHPHJE/MD5/ADImlTU=</latexit>p
Kerr
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<latexit sha1_base64="Pc44MT18GTDZyEd/1ia5yRKsMBA=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY5ELx4xyiOBlfQOszBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUUdagsYhVO0DNBJesYbgRrJ0ohlEgWCsY3cz81hNTmsfywYwT5kc4kDzkFI2V7vGx2iuW3LI7B1klXkZKkKHeK351+zFNIyYNFah1x3MT409QGU4Fmxa6qWYJ0hEOWMdSiRHT/mR+6pScWaVPwljZkobM1d8TE4y0HkeB7YzQDPWyNxP/8zqpCav+hMskNUzSxaIwFcTEZPY36XPFqBFjS5Aqbm8ldIgKqbHpFGwI3vLLq6R5UfYq5crdZal2ncWRhxM4hXPw4ApqcAt1aACFATzDK7w5wnlx3p2PRWvOyWaO4Q+czx/1QI2a</latexit>

a8
<latexit sha1_base64="Y2Wk8aRPA9hPJRFSuLPuxHYj85k=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKxJwk6MVjBPOAZA2zk0kyZHZ2mekVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTRMlmvEGi2Sk2wE1XArFGyhQ8nasOQ0DyVvB+Hbmt564NiJSDziJuR/SoRIDwShaqUUfU3VdnfaKJbfszkFWiZeREmSo94pf3X7EkpArZJIa0/HcGP2UahRM8mmhmxgeUzamQ96xVNGQGz+dnzslZ1bpk0GkbSkkc/X3REpDYyZhYDtDiiOz7M3E/7xOgoOqnwoVJ8gVWywaJJJgRGa/k77QnKGcWEKZFvZWwkZUU4Y2oYINwVt+eZU0L8pepVy5vyzVbrI48nACp3AOHlxBDe6gDg1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5/MHDJ6PZg==</latexit>

an>8 <latexit sha1_base64="tx9O5KoH5YUxXGf8HqRI8Xsqwg0=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWy3bRLN5u4uxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Hbqt56Y0jyWD2acMD/CgeQhp2is1O6iSIZ47fZKZbfizkCWiZeTMuSo90pf3X5M04hJQwVq3fHcxPgZKsOpYJNiN9UsQTrCAetYKjFi2s9m907IqVX6JIyVLWnITP09kWGk9TgKbGeEZqgXvan4n9dJTXjlZ1wmqWGSzheFqSAmJtPnSZ8rRo0YW4JUcXsroUNUSI2NqGhD8BZfXibN84pXrVTvL8q1mzyOAhzDCZyBB5dQgzuoQwMoCHiGV3hzHp0X5935mLeuOPnMEfyB8/kDgzWPpA==</latexit>

↵ = 0



Matching to worldline QFT formalism
Work in progress
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• using        , we fix higher order                    — non-zero, need infinitely many


• no nice structure — even for the same-helicity

<latexit sha1_base64="i4qB9F+c6aeTjrsvqOSYP59mb9M=">AAACLnicbVDLSgMxFM3UV62vqks3wSK4KjMi1Y1QlILLKvYBnTpk0kwbmmSGJCOUYb7Ijb+iC0FF3PoZZtpZ1OqBwLnn3MvNPX7EqNK2/WYVlpZXVteK66WNza3tnfLuXluFscSkhUMWyq6PFGFUkJammpFuJAniPiMdf3yV+Z0HIhUNxZ2eRKTP0VDQgGKkjeSVGw0vcXkMXRGn8ALe5pUchZkEXUWHHKXQHSGdROl9kjnz5cz3yhW7ak8B/xInJxWQo+mVX9xBiGNOhMYMKdVz7Ej3EyQ1xYykJTdWJEJ4jIakZ6hAnKh+Mj03hUdGGcAglOYJDafq/ESCuFIT7ptOjvRILXqZ+J/Xi3Vw3k+oiGJNBJ4tCmIGdQiz7OCASoI1mxiCsKTmrxCPkERYm4RLJgRn8eS/pH1SdWrV2s1ppX6Zx1EEB+AQHAMHnIE6uAZN0AIYPIJn8A4+rCfr1fq0vmatBSuf2Qe/YH3/AMnnqbY=</latexit>

Eµ⌫ = Rµ⇢⌫�p̂
⇢p̂�

dynamical mass: — linear in Riemann fixed

— quadratic in Riemann fixed up

     to                     in 

<latexit sha1_base64="FEUFyywWtsQslicRspA05HZ0bX8=">AAAB/XicbVDJTgJBFHzjiriNy81LR2KCFzJDCHokevEmLiwJDKSn6YEOPUu6e0xwQvwVLx40xqv/4c2/sQc4KFhJJ5Wq9/Kqy404k8qyvo2l5ZXVtfXMRnZza3tn19zbr8swFoTWSMhD0XSxpJwFtKaY4rQZCYp9l9OGO7xM/cYDFZKFwb0aRdTxcT9gHiNYaalrHrZ9rAYE8+R6nL/tFNFdp3TaNXNWwZoALRJ7RnIwQ7VrfrV7IYl9GijCsZQt24qUk2ChGOF0nG3HkkaYDHGftjQNsE+lk0zSj9GJVnrIC4V+gUIT9fdGgn0pR76rJ9Osct5Lxf+8Vqy8cydhQRQrGpDpIS/mSIUorQL1mKBE8ZEmmAimsyIywAITpQvL6hLs+S8vknqxYJcL5ZtSrnIxqyMDR3AMebDhDCpwBVWoAYFHeIZXeDOejBfj3fiYji4Zs50D+APj8wfdG5Qz</latexit>

O(R2S4)
<latexit sha1_base64="dJeSTfx2vkRycDbwMQ6hvYCVekM=">AAACLHicbZBNSwMxEIaz9avWr1WPXoJFUNCyK1K9CKIXQcQK1grdUmbTaRua/SDJCmXZH+TFvyKIB4t49XeY1oJafSHw8swMmXn9WHClHWdg5aamZ2bn8vOFhcWl5RV7de1WRYlkWGWRiOSdDwoFD7GquRZ4F0uEwBdY83tnw3rtHqXiUXij+zE2AuiEvM0ZaIOa9pkXgO4yEOll1kwvUMqM7tFf8AaTXkaPv+FVtu2hhl3qgYi7sNO0i07JGYn+Ne7YFMlYlab97LUilgQYaiZAqbrrxLqRgtScCcwKXqIwBtaDDtaNDSFA1UhHx2Z0y5AWbUfSvFDTEf05kUKgVD/wTedwYTVZG8L/avVEt48aKQ/jRGPIvj5qJ4LqiA6Toy0ukWnRNwaY5GZXyroggWmTb8GE4E6e/Nfc7pfccql8fVA8OR3HkScbZJNsE5cckhNyTiqkShh5IE/klQysR+vFerPev1pz1nhmnfyS9fEJJ66oIQ==</latexit>

MKerr �MTeuk = O(⌘,↵)

[Mogull, Plefka, Steinhoff ’20]

Using action in [Ben-Shahar ’23]

with M. Ben-Shahar & H. Johansson

[Ben-Shahar ’23]
<latexit sha1_base64="AVENgXQwrHtQrJLTnqtr13iPuO4=">AAAB+HicbVDLTgJBEOz1ifhg1aOXicTEE9klBD0ZIheP+OCRwEJmhwEmzM5uZmZNcMOXePGgMV79FG/+jQPsQcFKOqlUdae7y484U9pxvq219Y3Nre3MTnZ3b/8gZx8eNVQYS0LrJOShbPlYUc4ErWumOW1FkuLA57Tpj6szv/lIpWKheNCTiHoBHgo2YARrI/XsXLWX3HWL6L6biKvSdNqz807BmQOtEjcleUhR69lfnX5I4oAKTThWqu06kfYSLDUjnE6znVjRCJMxHtK2oQIHVHnJ/PApOjNKHw1CaUpoNFd/TyQ4UGoS+KYzwHqklr2Z+J/XjvXg0kuYiGJNBVksGsQc6RDNUkB9JinRfGIIJpKZWxEZYYmJNlllTQju8surpFEsuOVC+baUr1yncWTgBE7hHFy4gArcQA3qQCCGZ3iFN+vJerHerY9F65qVzhzDH1ifP5/kknE=</latexit>

CR2Sn>4

<latexit sha1_base64="vbxkmV/qmHCNsE4jqXJUJo7KJJQ="></latexit>

M2 = m2 +
CES2

m2
Eµ⌫S

µS⌫ + . . .

+
CE2S4

m6
(Eµ⌫S

µS⌫)2 + . . .

<latexit sha1_base64="khWkVT55thm3XXcxHBIdK1dfGEU="></latexit>

S =

Z
d⌧

�
pµẋ

µ +
1

2
Sab⌦

ab � 1

2m
(p2 �M2)� 1

p

Dpµ
d⌧

Sµ⌫⇤0⌫

�



Outlook
• study non-conservative effects —  e.g. EFTs with multiple physical spins


• near-zone vs far-zone effects — how to interpret  terms?


• sub-extremal vs super-extremal Kerr


• loops — Teukolsky solution is all orders in G


            — first steps for scalar wave scattering 

<latexit sha1_base64="LN/IUMhRUIYtffon8f17KWClfJg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUCbbTbt2sxt2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemHCmjed9O4W19Y3NreJ2aWd3b/+gfHjU0jJVhDaJ5FJ1QtSUM0GbhhlOO4miGIectsPx7cxvP1GlmRQPZpLQIMahYBEjaKzU6iFPRtgvV7yqN4e7SvycVCBHo1/+6g0kSWMqDOGoddf3EhNkqAwjnE5LvVTTBMkYh7RrqcCY6iCbXzt1z6wycCOpbAnjztXfExnGWk/i0HbGaEZ62ZuJ/3nd1ETXQcZEkhoqyGJRlHLXSHf2ujtgihLDJ5YgUcze6pIRKiTGBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJBB7hGV7hzZHOi/PufCxaC04+cwx/4Hz+AI8TjyM=</latexit>↵
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[Ivanov, Li,Parra-Martinez, Zhou ’24]

[Bautista, Bonelli, Iossa, Tanzini, Zhou ‘23]



Thank you!


