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How do we compute  
Observables from PM data? 2

Here
∫
k1···kn

=
∫

d3k1

(2π)3 · · ·
d3kn

(2π)3 and the Feynman vertex

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

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

J−1 ∝ k − k′ ∝ κ−1, (3)

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

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

V (k,k′) =
κ

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

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

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

k2+k′2

2

)

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

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

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

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

ward to obtain the Feynman rules,

(k0,k) =
i

k0 −
√
k2 +m2

A,B + i0
,

k k′

-k′-k

= −iV (k,k′) ,

(5)

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

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

are the energies of the incoming particles,

EA,B =
√
p2 +m2

A,B =
√
p′2 +m2

A,B . (6)

We define the total energy and the reduced energy ratio,

E = EA + EB and ξ =
EAEB

(EA + EB)2
. (7)

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

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

MEFT =
∞∑

i=1

M (i)
EFT =

∞∑

L=0

ML-loop
EFT , (8)

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

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

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

ML-loop
EFT = · · ·

p

-p

k1

-k1

kL

-kL

p′

-p′

. (9)

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

∆(k) = i

∫
dk0
2π

1

k0 −
√
k2 +m2

A

1

E − k0 −
√
k2 +m2

B

=
1

E −
√
k2 +m2

A −
√
k2 +m2

B

,

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

ML-loop
EFT = −

∫

k1···kL

V (p,k1)∆(k1) · · ·∆(kL)V (kL,p
′)

= −

∫

k1···kL

NL-loop
EFT

X2
1X

2
2 · · ·X

2
L+1Y1Y2 · · ·YL

,

(11)

BUT: Do we need the 
Hamiltonian?

The gravitational 
interaction 

is UNIVERSAL! 
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BUT: Do we need the 
Hamiltonian?

The gravitational 
interaction 

is UNIVERSAL! 

ON-SHELL SPIRIT:  
gauge-invariant  

information!

Conservative effects
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Here
∫
k1···kn

=
∫

d3k1

(2π)3 · · ·
d3kn

(2π)3 and the Feynman vertex

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

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

J−1 ∝ k − k′ ∝ κ−1, (3)

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

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

V (k,k′) =
κ

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

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

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

k2+k′2

2

)

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

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

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

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

ward to obtain the Feynman rules,

(k0,k) =
i

k0 −
√
k2 +m2

A,B + i0
,

k k′

-k′-k

= −iV (k,k′) ,

(5)

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

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

are the energies of the incoming particles,

EA,B =
√
p2 +m2

A,B =
√
p′2 +m2

A,B . (6)

We define the total energy and the reduced energy ratio,

E = EA + EB and ξ =
EAEB

(EA + EB)2
. (7)

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

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

MEFT =
∞∑

i=1

M (i)
EFT =

∞∑

L=0

ML-loop
EFT , (8)

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

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

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

ML-loop
EFT = · · ·

p

-p

k1

-k1

kL

-kL

p′

-p′

. (9)

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

∆(k) = i

∫
dk0
2π

1

k0 −
√
k2 +m2

A

1

E − k0 −
√
k2 +m2

B

=
1

E −
√
k2 +m2

A −
√
k2 +m2

B

,

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

ML-loop
EFT = −

∫

k1···kL

V (p,k1)∆(k1) · · ·∆(kL)V (kL,p
′)

= −

∫

k1···kL

NL-loop
EFT

X2
1X

2
2 · · ·X

2
L+1Y1Y2 · · ·YL

,

(11)



observed to be the same 

in ‘Y-basis’ to 3PM order

Scattering amplitude
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‘Impetus Formula’*

* IR-finite part ( ‘potentials’ only)  

Direct algebraic relationship  
(Firsov Formula)
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Scattering amplitude
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gauge-invariant  
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Sr ⌘ 1

2⇡

I
prdr

<latexit sha1_base64="//Es+VyHz6PKCbUmf9LMhlqrMSQ=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFZJa0GXBjcuK9gFNCJPJpB06mcSZSaGE/IUbf8WNC0Xc6s6/cdpmoa0HLhzOuZd77wlSRqWy7W+jsra+sblV3a7t7O7tH5iHR12ZZAKTDk5YIvoBkoRRTjqKKkb6qSAoDhjpBePrmd+bECFpwu/VNCVejIacRhQjpSXftHIXIwbvCl9AlzxkdALdSCCcO0XecFNaQDehXMFU+6GAvlm3LXsOuEqcktRBibZvfrlhgrOYcIUZknLg2KnyciQUxYwUNTeTJEV4jIZkoClHMZFePv+rgGdaCWGUCF36hrn6eyJHsZTTONCdMVIjuezNxP+8QaaiKy+nPM0U4XixKMoYVAmchQRDKghWbKoJwoLqWyEeIR2L0lHWdAjO8surpNuwnAurcdust5plHFVwAk7BOXDAJWiBG9AGHYDBI3gGr+DNeDJejHfjY9FaMcqZY/AHxucPCcOfKA==</latexit>

Recycle 
old idea from 
Sommerfeld

Radial  
Action

Scattering  
angle

1

2
+

�

2⇡
= �@Sr

@J
<latexit sha1_base64="8EzlP+uWkLu7UZhvFdH1tAoxn8o="></latexit>

Un-Bound

> 0

ON-SHELL SPIRIT:  
gauge-invariant  

information!

Conservative effects



Analytic

continuation!Sr ⌘ 1

2⇡

I
prdr

<latexit sha1_base64="//Es+VyHz6PKCbUmf9LMhlqrMSQ=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFZJa0GXBjcuK9gFNCJPJpB06mcSZSaGE/IUbf8WNC0Xc6s6/cdpmoa0HLhzOuZd77wlSRqWy7W+jsra+sblV3a7t7O7tH5iHR12ZZAKTDk5YIvoBkoRRTjqKKkb6qSAoDhjpBePrmd+bECFpwu/VNCVejIacRhQjpSXftHIXIwbvCl9AlzxkdALdSCCcO0XecFNaQDehXMFU+6GAvlm3LXsOuEqcktRBibZvfrlhgrOYcIUZknLg2KnyciQUxYwUNTeTJEV4jIZkoClHMZFePv+rgGdaCWGUCF36hrn6eyJHsZTTONCdMVIjuezNxP+8QaaiKy+nPM0U4XixKMoYVAmchQRDKghWbKoJwoLqWyEeIR2L0lHWdAjO8surpNuwnAurcdust5plHFVwAk7BOXDAJWiBG9AGHYDBI3gGr+DNeDJejHfjY9FaMcqZY/AHxucPCcOfKA==</latexit>

1910.03008

< 0

Kalin RAP

Bound

Observables 
Bound Orbits 

B2B correspondence  
gauge-invariant  

information!

Conservative effects



1911.09130

1/j = GMµ/J
<latexit sha1_base64="WYKfD0iRY1yJL83+Sup6gIy4S40=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4aneroBeh4EERhAr2A9q1ZNO0jU2yS5JVytL/4cWDIl79L978N6btHrT1wcDjvRlm5gURZ9q47rezsLi0vLKaWcuub2xubed2dms6jBWhVRLyUDUCrClnklYNM5w2IkWxCDitB4OLsV9/pEqzUN6ZYUR9gXuSdRnBxkr3XvEBnaPLm5aIi9eoncu7BXcCNE+8lOQhRaWd+2p1QhILKg3hWOum50bGT7AyjHA6yrZiTSNMBrhHm5ZKLKj2k8nVI3RolQ7qhsqWNGii/p5IsNB6KALbKbDp61lvLP7nNWPTPfMTJqPYUEmmi7oxRyZE4whQhylKDB9agoli9lZE+lhhYmxQWRuCN/vyPKmVCt5xoXR7ki+X0jgysA8HcAQenEIZrqACVSCg4Ble4c15cl6cd+dj2rrgpDN78AfO5w++IpCs</latexit>

Kalin RAP

Generalizes to all orders 
the one-loop result in 

Caron-Huot Zahraee 

1810.04694 

B2B correspondence  
gauge-invariant  

information!

Conservative effects
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Remarkably!

B2B correspondence  
gauge-invariant  

information!

Conservative effects

Loop around infinity
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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  
gauge-invariant  

information!

Conservative effects
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At the level of the radial action:

valid for spin  
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>

Liu RAP Yang
2102.10059

Spinning bodies:

bound

B2B correspondence  
gauge-invariant  

information!

Conservative effects
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even 

coefs.

This “PMtoPN” map *formally* connects 

the G/J coefficients of the radial action(s)

1/J ⇠ |p1|
<latexit sha1_base64="4MQATXRUkJ8sHShFV6wr47AHqI4=">AAAB/HicdVDLSsNAFJ34rPVV7dLNYBFc1SQNbd0V3YirCvYBTSiT6aQdOpmEmYkQ2vorblwo4tYPceffOGkrqOiBC4dz7uXee/yYUalM88NYWV1b39jMbeW3d3b39gsHh20ZJQKTFo5YJLo+koRRTlqKKka6sSAo9Bnp+OPLzO/cESFpxG9VGhMvRENOA4qR0lK/ULTOrqEraQincd+lPFDptF8omeXzetV2qtAsm2bNsq2M2DWn4kBLKxlKYIlmv/DuDiKchIQrzJCUPcuMlTdBQlHMyCzvJpLECI/RkPQ05Sgk0pvMj5/BE60MYBAJXVzBufp9YoJCKdPQ150hUiP528vEv7xeooK6N6E8ThTheLEoSBhUEcySgAMqCFYs1QRhQfWtEI+QQFjpvPI6hK9P4f+kbZetStm+cUqNi2UcOXAEjsEpsEANNMAVaIIWwCAFD+AJPBv3xqPxYrwuWleM5UwR/IDx9gk/I5SL</latexit>

Caveat:  
We need various PM  

orders to complete PN

B2B correspondence  
gauge-invariant  

information!

Conservative effects

p21 ⇠ E
<latexit sha1_base64="1zz34xs2ZWbZWD5d0jW0Z50x1rQ=">AAACAXicdVDLSsNAFJ3UV62vqhvBzWARXJUkLW3dFUVwWcE+oIllMp20QyeTMDMRQqgbf8WNC0Xc+hfu/BsnbQUVPXDhcM693HuPFzEqlWl+GLml5ZXVtfx6YWNza3unuLvXkWEsMGnjkIWi5yFJGOWkrahipBcJggKPka43Oc/87i0Rkob8WiURcQM04tSnGCktDYoH0Y09cCj3VQIdSQOYOhgxeDEdFEtm+bRRs6s1aJZNs27ZVkbserVShZZWMpTAAq1B8d0ZhjgOCFeYISn7lhkpN0VCUczItODEkkQIT9CI9DXlKCDSTWcfTOGxVobQD4UuruBM/T6RokDKJPB0Z4DUWP72MvEvrx8rv+GmlEexIhzPF/kxgyqEWRxwSAXBiiWaICyovhXiMRIIKx1aQYfw9Sn8n3TsslUp21fVUvNsEUceHIIjcAIsUAdNcAlaoA0wuAMP4Ak8G/fGo/FivM5bc8ZiZh/8gPH2CfLMlpQ=</latexit>
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p21 ⇠ E
<latexit sha1_base64="1zz34xs2ZWbZWD5d0jW0Z50x1rQ=">AAACAXicdVDLSsNAFJ3UV62vqhvBzWARXJUkLW3dFUVwWcE+oIllMp20QyeTMDMRQqgbf8WNC0Xc+hfu/BsnbQUVPXDhcM693HuPFzEqlWl+GLml5ZXVtfx6YWNza3unuLvXkWEsMGnjkIWi5yFJGOWkrahipBcJggKPka43Oc/87i0Rkob8WiURcQM04tSnGCktDYoH0Y09cCj3VQIdSQOYOhgxeDEdFEtm+bRRs6s1aJZNs27ZVkbserVShZZWMpTAAq1B8d0ZhjgOCFeYISn7lhkpN0VCUczItODEkkQIT9CI9DXlKCDSTWcfTOGxVobQD4UuruBM/T6RokDKJPB0Z4DUWP72MvEvrx8rv+GmlEexIhzPF/kxgyqEWRxwSAXBiiWaICyovhXiMRIIKx1aQYfw9Sn8n3TsslUp21fVUvNsEUceHIIjcAIsUAdNcAlaoA0wuAMP4Ak8G/fGo/FivM5bc8ZiZh/8gPH2CfLMlpQ=</latexit>

PN

suppressed

B2B correspondence  
gauge-invariant  

information!

Conservative effects

This “PMtoPN” map *formally* connects 

the G/J coefficients of the radial action(s)



�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>

To appear 

Radiative effects?!

B2B correspondence  
gauge-invariant  

information!

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.



�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>

ṙ =
@

@pr
H(p2r + J

2
/r

2
, r)

<latexit sha1_base64="qwVXz/bp81AqOCItM8pDVLBdE6Y=">AAACJXicbVDLSgMxFM3UV62vqks3F4tQUerMKOhCoeCmuKpgH9BpSyZN29DMgyQjlKE/48ZfcePCIoIrf8W0HURbL4ScnHsPJ/e4IWdSmeankVpaXlldS69nNja3tneyu3tVGUSC0AoJeCDqLpaUM59WFFOc1kNBsedyWnMHt5N+7ZEKyQL/QQ1D2vRwz2ddRrDSVDt77XQCBQJuIHZCLBTDHJxAK+DnGbbFCEqQ13fLhhO4a9lnGp2K43Y2ZxbMacEisBKQQ0mV29mxtiORR31FOJayYZmhasYTI8LpKONEkoaYDHCPNjT0sUdlM55uOYIjzXSgGwh9fAVT9rcixp6UQ8/Vkx5WfTnfm5D/9RqR6l41Y+aHkaI+mRl1Iw4qgElk0GGCEsWHGmAimP4rkD4WmCgdbEaHYM2vvAiqdsE6L9j3F7mincSRRgfoEOWRhS5REZVQGVUQQU/oBb2hsfFsvBrvxsdsNGUkmn30p4yvb30toqo=</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>

See also 

Bini Damour

2007.11239

To appear 

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

B2B correspondence  
gauge-invariant  

information!

Radiative effects

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.



�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>

ṙ =
@

@pr
H(p2r + J

2
/r

2
, r)

<latexit sha1_base64="qwVXz/bp81AqOCItM8pDVLBdE6Y=">AAACJXicbVDLSgMxFM3UV62vqks3F4tQUerMKOhCoeCmuKpgH9BpSyZN29DMgyQjlKE/48ZfcePCIoIrf8W0HURbL4ScnHsPJ/e4IWdSmeankVpaXlldS69nNja3tneyu3tVGUSC0AoJeCDqLpaUM59WFFOc1kNBsedyWnMHt5N+7ZEKyQL/QQ1D2vRwz2ddRrDSVDt77XQCBQJuIHZCLBTDHJxAK+DnGbbFCEqQ13fLhhO4a9lnGp2K43Y2ZxbMacEisBKQQ0mV29mxtiORR31FOJayYZmhasYTI8LpKONEkoaYDHCPNjT0sUdlM55uOYIjzXSgGwh9fAVT9rcixp6UQ8/Vkx5WfTnfm5D/9RqR6l41Y+aHkaI+mRl1Iw4qgElk0GGCEsWHGmAimP4rkD4WmCgdbEaHYM2vvAiqdsE6L9j3F7mincSRRgfoEOWRhS5REZVQGVUQQU/oBb2hsfFsvBrvxsdsNGUkmn30p4yvb30toqo=</latexit>

Similar to radial action: Loop-around!

To appear 

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

B2B correspondence  
gauge-invariant  

information!

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>

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>

AND  
MORE!

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>



Goldberger Ross

0912.4254

OPTICAL  
THEOREM

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

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

(Feynman b.c.)

Energy  
spectrum!

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

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

To appear B2B correspondence  
gauge-invariant  

information!
Conservative!

Radiative effects

!
d�

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

=
Z

d!

✓
i⇡GM

dE

d!
+ · · ·

◆

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



pole+log coincide  
conservative tail

= GM

Z
d!

dE

d!

✓
� 1

d� 4
� log(!2/µ2) + i⇡sign(!) · · ·

◆

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

Galley Leibovich 

RAP Ross


1511.07379
in-in b.c.

To appear 

Se↵ = �
Z

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

H
loc
tail /

dE

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

Conservative!

B2B correspondence  
gauge-invariant  

information!

Radiative effects

Dissipative 

term

1

d� 4
[�(! + i0+)2]d�4

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

Goldberger Ross

0912.4254

=

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

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

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

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

1

d� 4
[�!2 � i0+]d�4

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

Ret

Feyn

(Feynman b.c.)

OPTICAL  
THEOREM

Z
d!

✓
i⇡GM

dE

d!
+ · · ·

◆

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

See also

Foffa Sturani

2103.03190



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

 

See also


Bini Damour

2007.11239

(local)

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

(local)

Same map for 

orbital elements 


and Firsov

To appear 

�Sbound
r = � 1

2⇡

I
Htaildt

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

�Sunbound
r = � 1

2⇡

Z +1

�1
Htaildt

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

B2B correspondence  
gauge-invariant  

information!
Local Conservative
Radiative effects

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

Se↵ = �
Z

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

H
loc
tail /

dE

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



Total (L+NL) 
Conserv.

To appear 

Z 1

r̃�

dr

pr
Htail

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

Z r+

r�

dr

pr
Htail

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

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

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

B2B correspondence  
gauge-invariant  

information!
Non-local Conservative

Radiative effects

�Sbound
r = � 1

2⇡

I
Htaildt

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

�Sunbound
r = � 1

2⇡

Z +1

�1
Htaildt

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

Valid in  
the “large-j”  
limit ONLY

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



To appear 

 

Averaged Hamiltonian


�H̄(ir, j) = �⌦r

⇥
i
unb
r,tail(j, E)� i

unb
r,tail(�j, E)

⇤
E!E0(ir,j)

<latexit sha1_base64="ith9z8KQgpqjMLGrwuWO0m8AQDM="></latexit>

B2B correspondence  
gauge-invariant  

information!
Non-local Conservative

Radiative effects

�Sbound
r = � 1

2⇡

I
Htaildt

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

�Sunbound
r = � 1

2⇡

Z +1

�1
Htaildt

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

Unlike the local part this Hamiltonian does not 

interpolate from large to small eccentricity unscathed!

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>

Total (L+NL) 
Conserv.

Valid in  
the “large-j”  
limit ONLY



To appear B2B correspondence  
gauge-invariant  

information!
Non-local Conservative

Radiative effects

�Sbound
r = � 1

2⇡

I
Htaildt

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

�Sunbound
r = � 1

2⇡

Z +1

�1
Htaildt

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

GM

Z
d!

dE

d!

✓
� 1

d� 4
� log(!2/µ2) + i⇡sign(!) · · ·

◆

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

Local terms  
Must compute in PM!

Universal UV pole 
cancels potential IR

Universal 
non-local part

Galley Leibovich 

RAP Ross


1511.07379 dissipative

Known  
at G^3!

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

Mougiakakos 

Riva Vernizzi

2102.08339

Jakobsen et al.

2101.12688

BUT we already know the universal structure of the tail term See also

Blanchet et al.

1912.12359



• Part I: B2B 

• Part II: EFT

Outline

Discovery Potential =

Precise Theoretical Predictions 

           




2006.01184 

 

external source

Lots of redundancy in GR  
— No need to panic!

PM EFT for scattering Kalin RAP

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

finite-size

effects

CES2

2mA

Z
d⌧AEabS

ac
A Sb

cA
<latexit sha1_base64="VQAtPSonY5XdFug13seUMIM9tDw="></latexit>

+…

Liu RAP Yang
2102.10059

+ cE2

Z
d⌧AEµ⌫E

µ⌫

<latexit sha1_base64="cKP24jXCCJLbyf2fjMu1soN5bPQ=">AAACFHicbZDLSsNAFIYn9VbrLerSzWARBKEkVbDLihRcVrAXaNIwmUzboZNJmItQQh/Cja/ixoUibl24822cXgRt/WHg4z/nMOf8YcqoVI7zZeVWVtfWN/Kbha3tnd09e/+gKRMtMGnghCWiHSJJGOWkoahipJ0KguKQkVY4vJ7UW/dESJrwOzVKiR+jPqc9ipEyVmCf4SCrdctj6FGuYOQppIMrCGtB5sXa43oMa90fDOyiU3KmgsvgzqEI5qoH9qcXJVjHhCvMkJQd10mVnyGhKGZkXPC0JCnCQ9QnHYMcxUT62fSoMTwxTgR7iTDPrDZ1f09kKJZyFIemM0ZqIBdrE/O/WkerXsXPKE+1IhzPPuppBlUCJwnBiAqCFRsZQFhQsyvEAyQQVibHggnBXTx5GZrlknteKt9eFKuVeRx5cASOwSlwwSWoghtQBw2AwQN4Ai/g1Xq0nq03633WmrPmM4fgj6yPb8VtngQ=</latexit>

spin-induced moments tidal effects



2006.01184 

 

Post-Minkowskian expanded solution (Euler-Lagrange eqs.)

u2<latexit sha1_base64="DLKsYhTK3lj7wVw8Ia58ZxaeIqM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD+mgNihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbRrVe+qWruvVxpuHkcRzuAcLsGDa2jAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwAEho2Q</latexit>

u1
<latexit sha1_base64="aHbbvkf42BJv2kSJZ//CfHSd/a4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD+nAG5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68Ttq1qndVrd3XK41aHkcRzuAcLsGDa2jAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwADnI2R</latexit>

… and (planar) deflection angle in the centre-of-mass

Compute total impulse from the action…

The true  
classical  
motion 

Kalin RAP PM EFT for scattering Liu RAP Yang
2102.10059

�Sab
A =

Z +1

�1
d⌧{Sab

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

Initial 
Data 



i

k2 + i0
Pµ⌫↵�

<latexit sha1_base64="r7wM27USvtUV3Tw8t2U68hCEBog=">AAACD3icbVBNS8NAEN3Ur1q/qh69LBZFEEpSBXssePFYwX5AU8Nku2mXbjZhdyOUkH/gxb/ixYMiXr1689+4bXPQ1gcDj/dmmJnnx5wpbdvfVmFldW19o7hZ2tre2d0r7x+0VZRIQlsk4pHs+qAoZ4K2NNOcdmNJIfQ57fjj66nfeaBSsUjc6UlM+yEMBQsYAW0kr3zqBhJIyrJ0fF87Z3aGm17qhokrEhd4PALXpxoyr1yxq/YMeJk4OamgHE2v/OUOIpKEVGjCQameY8e6n4LUjHCaldxE0RjIGIa0Z6iAkKp+OvsnwydGGeAgkqaExjP190QKoVKT0DedIeiRWvSm4n9eL9FBvZ8yESeaCjJfFCQc6whPw8EDJinRfGIIEMnMrZiMwASkTYQlE4Kz+PIyadeqzkW1dntZadTzOIroCB2jM+SgK9RAN6iJWoigR/SMXtGb9WS9WO/Wx7y1YOUzh+gPrM8fUHSczw==</latexit>

2006.01184 

 

Potential

Modes

Radiation

Modes

NRGR
(Goldberger & Rothstein, … ) 

Kalin RAP PM EFT for scattering 

Total Flux  
(optical theorem 

with Feynman)

prescription

irrelevant

i✏
<latexit sha1_base64="ZJD1v9lluvOcfq/WwzrXtTRMu4A=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKexGUY8BLx4jmIckS5id9CZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJz2yHiSGcSX75Ypf9efAqyTISQXlaPTLX72BoqkAaSknxnQDP7FhRrRllMO01EsNJISOyRC6jkoiwITZ/OApPnPKAMdKu5IWz9XfExkRxkxE5DoFsSOz7M3E/7xuauObMGMySS1IulgUpxxbhWff4wHTQC2fOEKoZu5WTEdEE2pdRiUXQrD88ipp1arBRbV2f1mpX+VxFNEJOkXnKEDXqI7uUAM1EUUCPaNX9OZp78V79z4WrQUvnzlGf+B9/gAR8JCL</latexit>



to appear  
 

Potential

Modes

Radiation

Modes

i

(! + i0)2 � k2
<latexit sha1_base64="TQ3OHn+AfopiHib/kTIEUhHMnsw=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQEUsSBbssuHFZwT6gSctkOmmHTiZhZiKUkL0bf8WNC0Xc+gPu/BunbRbaeuDC4Zx7ufceP2ZUKsv6Ngpr6xubW8Xt0s7u3v6BeXjUllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/uZn5nQciJI34vZrGxAvRiNOAYqS0NDDLbiAQTmmWVt0oJCN0Tq2zvnORun4AJ1nfyeDArFg1aw64SuycVECO5sD8cocRTkLCFWZIyp5txcpLkVAUM5KV3ESSGOEJGpGephyFRHrp/JcMnmplCINI6OIKztXfEykKpZyGvu4MkRrLZW8m/uf1EhXUvZTyOFGE48WiIGFQRXAWDBxSQbBiU00QFlTfCvEY6XCUjq+kQ7CXX14lbadmX9acu6tKo57HUQQnoAyqwAbXoAFuQRO0AAaP4Bm8gjfjyXgx3o2PRWvByGeOwR8Ynz881JnY</latexit>

Schwinger-Keldysh Formalism
PM EFT for scattering 

*

* A bit more subtle when recoil is relevant (does not affect conservative-only part)

C
1,2

1,2

Radiation-Reaction 

(Cons + Dissip) 


Dlapa Kalin Liu RAP

prescription

irrelevant

i✏
<latexit sha1_base64="ZJD1v9lluvOcfq/WwzrXtTRMu4A=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoPgKexGUY8BLx4jmIckS5id9CZD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJz2yHiSGcSX75Ypf9efAqyTISQXlaPTLX72BoqkAaSknxnQDP7FhRrRllMO01EsNJISOyRC6jkoiwITZ/OApPnPKAMdKu5IWz9XfExkRxkxE5DoFsSOz7M3E/7xuauObMGMySS1IulgUpxxbhWff4wHTQC2fOEKoZu5WTEdEE2pdRiUXQrD88ipp1arBRbV2f1mpX+VxFNEJOkXnKEDXqI7uUAM1EUUCPaNX9OZp78V79z4WrQUvnzlGf+B9/gAR8JCL</latexit>



Potential

Modes

Radiation

Modes

C
1,2

1,2

in-in NRGR

Integrals are 
much easier  

BUT spoils UV!

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

Integrals are 
much easier  

BUT spoils IR!

PN EFT for bound states 

Radiation-Reaction 

(Cons + Dissip) 


Galley Leibovich 

RAP Ross


1511.07379

1903.05118
Foffa RAP Rothstein Sturani

2010.13672
Bluemlein et al.

Foffa Sturani
1907.02869

IR/UV 
cancelation!
RAP Rothstein


1703.06433



PM EFT for scattering 

Potential

Modes

Radiation

Modes

(classical) “Soft” Region


C
1,2

1,2

Radiation-Reaction 

(Cons + Dissip) 


in progress

 

Dlapa Kalin Liu RAP



� ⌘ u1 · u2
<latexit sha1_base64="CrTypeFbKhb4qr79A2g0B0U3WF0=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkoSBV0W3LisYC/QhDCZTNqhM0mcS6GEghtfxY0LRdz6Eu58G6dtFtr6w8DHf87hzPmjnFGpHOfbWlldW9/YrGxVt3d29/btg8O2zLTApIUzloluhCRhNCUtRRUj3VwQxCNGOtHwZlrvjIiQNEvv1TgnAUf9lCYUI2Ws0D72+4hzBH3yoOkI6tD1cZwpA15o15y6MxNcBreEGijVDO0vP86w5iRVmCEpe66Tq6BAQlHMyKTqa0lyhIeoT3oGU8SJDIrZDRN4ZpwYJpkwL1Vw5v6eKBCXcswj08mRGsjF2tT8r9bTKrkOCprmWpEUzxclmkGVwWkgMKaCYMXGBhAW1PwV4gESCCsTW9WE4C6evAxtr+5e1L27y1rDK+OogBNwCs6BC65AA9yCJmgBDB7BM3gFb9aT9WK9Wx/z1hWrnDkCf2R9/gDh3Jb5</latexit>

PM EFT for scattering 

Potential

Modes

Radiation

Modes

C
1,2

1,2

Radiation-Reaction 

(Cons + Dissip) 


IR/UV finite!

*UV from finite-size only

Parra-Martinez

Ruff and Zeng

2005.04236

Single scale!

Differential Equations

b.c. from entire region

(classical) “Soft” Region 

Dlapa Kalin Liu RAP

(� ! 1)
<latexit sha1_base64="S8GdtR4AqWpe8Iw1G7k6vEWYWcw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY8OKxgv2A7lqyabYNTbJLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8c3M7zxSpVks780koYHAQ8kiRrCx0kPVH2IhMPJNjLzzfrni1tw50CrxclKBHM1++csfxCQVVBrCsdY9z01MkGFlGOF0WvJTTRNMxnhIe5ZKLKgOsvnVU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zeqmJroOMySQ1VJLFoijlyP44iwANmKLE8IklmChmb0VkhBUmxgZVsiF4yy+vkna95l3U6neXlUY9j6MIJ3AKVfDgChpwC01oAQEFz/AKb86T8+K8Ox+L1oKTzxzDHzifP82MkVo=</latexit>

in progress

 

Di Vecchia et al.

2104.03256

2007.04977 
Kalin Liu RAP

GOAL: Complete NNLO  
Full Conservative NNNLO 



� ⌘ u1 · u2
<latexit sha1_base64="CrTypeFbKhb4qr79A2g0B0U3WF0=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkoSBV0W3LisYC/QhDCZTNqhM0mcS6GEghtfxY0LRdz6Eu58G6dtFtr6w8DHf87hzPmjnFGpHOfbWlldW9/YrGxVt3d29/btg8O2zLTApIUzloluhCRhNCUtRRUj3VwQxCNGOtHwZlrvjIiQNEvv1TgnAUf9lCYUI2Ws0D72+4hzBH3yoOkI6tD1cZwpA15o15y6MxNcBreEGijVDO0vP86w5iRVmCEpe66Tq6BAQlHMyKTqa0lyhIeoT3oGU8SJDIrZDRN4ZpwYJpkwL1Vw5v6eKBCXcswj08mRGsjF2tT8r9bTKrkOCprmWpEUzxclmkGVwWkgMKaCYMXGBhAW1PwV4gESCCsTW9WE4C6evAxtr+5e1L27y1rDK+OogBNwCs6BC65AA9yCJmgBDB7BM3gFb9aT9WK9Wx/z1hWrnDkCf2R9/gDh3Jb5</latexit>

Potential

Modes

PM EFT for scattering 

Single scale!

Radiation

Modes

IR/UV finite!
(classical) “Soft” Region 

C
1,2

1,2

Differential Equations

b.c. from entire region

Radiation-Reaction 

(Cons + Dissip) 


Dlapa Kalin Liu RAP

(� ! 1)
<latexit sha1_base64="S8GdtR4AqWpe8Iw1G7k6vEWYWcw=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRahXspuFfRY8OKxgv2A7lqyabYNTbJLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbC8c3M7zxSpVks780koYHAQ8kiRrCx0kPVH2IhMPJNjLzzfrni1tw50CrxclKBHM1++csfxCQVVBrCsdY9z01MkGFlGOF0WvJTTRNMxnhIe5ZKLKgOsvnVU3RmlQGKYmVLGjRXf09kWGg9EaHtFNiM9LI3E//zeqmJroOMySQ1VJLFoijlyP44iwANmKLE8IklmChmb0VkhBUmxgZVsiF4yy+vkna95l3U6neXlUY9j6MIJ3AKVfDgChpwC01oAQEFz/AKb86T8+K8Ox+L1oKTzxzDHzifP82MkVo=</latexit>

Full soft integrand @ 3PM & 
soft-conservative @ 4PM. 

Diff Eqs. “solved”  

in progress

 

Not enough 
at NNNLO

NO PN SERIES  
EXPANSION!

GOAL: Complete NNLO  
Full Conservative NNNLO 

B.C.’s in progress 
(only 7 in potential - solved)



� ⌘ u1 · u2
<latexit sha1_base64="CrTypeFbKhb4qr79A2g0B0U3WF0=">AAACA3icbZDLSsNAFIYnXmu9Rd3pZrAIrkoSBV0W3LisYC/QhDCZTNqhM0mcS6GEghtfxY0LRdz6Eu58G6dtFtr6w8DHf87hzPmjnFGpHOfbWlldW9/YrGxVt3d29/btg8O2zLTApIUzloluhCRhNCUtRRUj3VwQxCNGOtHwZlrvjIiQNEvv1TgnAUf9lCYUI2Ws0D72+4hzBH3yoOkI6tD1cZwpA15o15y6MxNcBreEGijVDO0vP86w5iRVmCEpe66Tq6BAQlHMyKTqa0lyhIeoT3oGU8SJDIrZDRN4ZpwYJpkwL1Vw5v6eKBCXcswj08mRGsjF2tT8r9bTKrkOCprmWpEUzxclmkGVwWkgMKaCYMXGBhAW1PwV4gESCCsTW9WE4C6evAxtr+5e1L27y1rDK+OogBNwCs6BC65AA9yCJmgBDB7BM3gFb9aT9WK9Wx/z1hWrnDkCf2R9/gDh3Jb5</latexit>

Potential

Modes

PM EFT for scattering 

Single scale!

Differential Equations

b.c. from potentials

2007.04977 
Kalin Liu RAP
2006.01184 


 

Kalin RAP

Radiation

Modes

IR/UV finite!
(classical) “Soft” Region 

eight elements &

canonical to NNLO

Enough 
at NNLO



                                      DEQs with b.c. 

from the static limit of NRGR!

POTENTIAL REGION: 

• We land in the classical integrand:     
Soft-expanded & cut (massless) 

• No divergences/ambiguities:                 
No “super-classical” nor region-induced    
in classical soft region.           


• B2B on-shell: No Hamiltonian, nor extra 
EFT matching nor Born iterations.

(Objective & Subjective) Advantages

Main ‘drawback’:
• Feynman diagrams (significantly fewer 

than in NRGR and simpler!)


Integrals (one family!):

: NNLOPM EFT for scattering 2007.04977 
Kalin Liu RAP

3PM 
3PM 
 3PM 


2PM 

Everything you wanted to know about 3PM

(coincides with IR-finite Amplitude 


via impetus in Y-basis) 

4PM: O(20) Feynman 
diagrams+iterations  

in PMEFT SHUT UP &  
DO THE  

CALCULATION!



Kalin RAP

The 5PN  
prediction 
(confirmed 
by tutifruti 
at 6PN too)

1PN 2PN 2PN

3PN

4PN

ONE-LOOP  
EXACT!

1/j^2 is predicted to all orders in v 
(local) 4PM will complete 1/j^4

Full 3PM result agrees with literature to 2PN


Map from angle 
to periastron advance

1911.09130 B2B dictionary 2007.04977 
Kalin Liu RAP : NNLO



Map for ALL  
Dynamical Invariants!

✏ = �2E
<latexit sha1_base64="uDVqpb1Tv9R9V2plnmF6T6vdawk=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwYkmqoBehIILHCvYDmlA22027dLMJuxshhPpXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bZWVtfWNzZLW+Xtnd29ffvgsK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHwz9TuPVCoWiwedJdSP8FCwkBGsjdS3Kx5NFOOxQNforO4RzNFt3646NWcGtEzcglShQLNvf3mDmKQRFZpwrFTPdRLt51hqRjidlL1U0QSTMR7SnqECR1T5+ez4CToxygCFsTQlNJqpvydyHCmVRYHpjLAeqUVvKv7n9VIdXvk5E0mqqSDzRWHKkY7RNAk0YJISzTNDMJHM3IrICEtMtMmrbEJwF19eJu16zT2v1e8vqo16EUcJjuAYTsGFS2jAHTShBQQyeIZXeLOerBfr3fqYt65YxUwF/sD6/AHIU5OA</latexit>

B2B dictionary 

Without  
HAMILTONIAN!

Kalin RAP
1911.091302007.04977 

Kalin Liu RAP : NNLO



Vines Steinhoff Buonanno
1812.00956 1207.6961

Periastron from


Valid for (aligned) spin! 

J=canonical total ang. momentum

1911.09130
Kalin RAP

Tessmer Hartung Schaefer
Angle from


B2B dictionary /Spin



Liu RAP Yang

2102.10059

B2B dictionary 

PN expansion

Vines et al.
1812.00956.

Guevara et al.
1812.06895.

1207.6961
Tessmer et al.

agrees (after fixing it)

All orders in v at O(a^2/l^4)!

2005.03071  
Bern et al.

2102.10137  

/Spin

Impulses agree 

for generic orientation 

Confirms conjecture for Kerr in

Impulses spin^2 

confirmed by (concurrent) 


amplitude derivation 

Luna Kosmopoulos



2008.06047 
Kalin Liu RAP /Tidal EffectsB2B dictionary 



Quadrupole/Octupole TLN in binding energy to O(G^3)

 NNLO terms from PM-static and probe limit 

Quadrupole to

NLO agrees with 


Cheng-Solon
2006.06665

Bound orbits

2008.06047 
Kalin Liu RAP

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

/Tidal EffectsB2B dictionary 



Thank you!
PMEFT

2006.01184 

2007.04977 

2008.06047   

2102.10059

B2B
1911.09130

Impetus
1910.03008

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

*

*

1910.03008

Is there a direct connection 

amplitude to radial action??

Impetus/Firsov

1903.05118
Foffa RAP Rothstein Sturani

B2B

RR (L+NL) &  
aligned-spins

BPRRSSZ

2101.07254

YES!

ALL- 
ORDER 

B2B


