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• Clean environment with well-defined asymptotic states.
• Exact post-Minkowskian calculations for bound orbits 

[Damour ’19; Bini, Damour & Geralico ’20].
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• Clean environment with well-defined asymptotic states.
• Exact post-Minkowskian calculations for bound orbits 

[Damour ’19; Bini, Damour & Geralico ’20].

• Calibration of Effective-One-Body (EOB)                         
in the ultra-strong field.
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High-energy physics
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Figure 3: Sample of Feynman diagrams needed for the computation of the scattering angle

in the EFT approach to 3PM order. Only the diagrams to one-loop order in (a)-(c) are needed

to 2PM.

from which we obtain the scattering angle in the center of mass:

2 sin
�

2
=

|�p1|

p1
, (7.18)

with |�p1| the total momentum change for particle 1, and the same for the companion. The

Lagrangian L can be computed in the EFT approach to any order in the PM expansion.

By construction, the computation involves classical (point-like) sources, which simplifies the

quantum problem from the onset. However, we still rely on iterated Green’s functions in the

form of Feynman diagrams (see Fig. 3) and, for the PM calculation, a series of relativistic

integrals. Yet, once the deflection angle is known, we can plug it into our machinery to derive

the fn’s, thus reconstructing the scattering amplitude. We can also perform the manipula-

tions we describe in this paper to derive gauge invariant observables for bound orbits. We

will present the explicit derivation of the scattering angle in the EFT approach for relativis-

tic sources in future work. We will also further explore the connection between the EFT

derivation and the one from the scattering amplitude elsewhere.

Let us add a comment on the map between test-particle and two-body dynamics. At 2PM,

the computation of the deflection angle involves only diagrams to one-loop order, shown in

(a)-(c) of Fig. 3. In the language of EFT, this is equivalent to computing the one-point

function produced by e.g. particle 1, and evaluating it on the worldline e↵ective action of

particle 2, plus mirror image. For instance, the diagram in (b) comes from the expansion of

the square-root in the point-particle action. This one-point function can also be computed in

the rest frame of particle 1, and then boosted to the center of mass. (Alternatively, one can

start with the boosted Schwarzschild solution.) The Lorentz transformation will naturally

map E0 ! �, as in (6.5), while the mirror image will take care of the symmetrization. It is

clear then that the momentum change will be the same, obtained directly from the action,

and the only di↵erence in the scattering angle is the factor of 1/p1 in (7.18). Therefore,

2p1(�) sin
�1pt(�)

2
= 2ptest1 (E0 ! �) sin

�test(E0 ! �)

2
, (7.19)

where �1pt is the scattering angle obtained to one loop order from the one-point function,

which is exact to 2PM (see Figs. 3(a)-(c) ), and we used

2ptest1 (E0 ! �)/(2p1(�)) = � . (7.20)

– 39 –

8

• Clean environment with well-defined asymptotic states.
• Exact post-Minkowskian calculations for bound orbits 

[Damour ’19; Bini, Damour & Geralico ’20].

• Calibration of Effective-One-Body (EOB)                         
in the ultra-strong field.
• Comparisons with scatter amplitude calculations:
• QFT and EFT [Bern et al. ‘21].

<latexit sha1_base64="wxeP6HGX2xQtLW8C9NMj49JRKqo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmkqCspCOJGqGgf0IQymU7aoTOTMDNRSsjSjb/ixoUibv0Ed/6N07QLbT1w4XDOvdx7TxAzqrTjfFuFhcWl5ZXiamltfWNzy97eaaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDC/GfuueSEUjcadHMfE56gsaUoy0kbr2vpt6ksPbywx6kvYHGkkZPcBqrtavs65ddipODjhP3CkpgynqXfvL60U44URozJBSHdeJtZ8iqSlmJCt5iSIxwkPUJx1DBeJE+Wn+SAYPjdKDYSRNCQ1z9fdEirhSIx6YTo70QM16Y/E/r5Po8MxPqYgTTQSeLAoTBnUEx6nAHpUEazYyBGFJza0QD5BEWJvsSiYEd/bledI8rrgnlepNtVw7n8ZRBHvgABwBF5yCGrgCddAAGDyCZ/AK3qwn68V6tz4mrQVrOrML/sD6/AGOo5kM</latexit>

1SF ! 4PM
<latexit sha1_base64="3f5ZEpTmy0nuAvDb/PYUfCI3LBI=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlKqa6kIIgboaJ9QBPKZDpph84kYWailJClG3/FjQtF3PoJ7vwbp2kW2nrgwuGce7n3Hi9iVCrL+jYKS8srq2vF9dLG5tb2jrm715ZhLDBp4ZCFoushSRgNSEtRxUg3EgRxj5GON76Y+p17IiQNgzs1iYjL0TCgPsVIaalvHlYTR3B4e5lCR9DhSCEhwgdYz9Tmddo3y1bFygAXiZ2TMsjR7JtfziDEMSeBwgxJ2bOtSLkJEopiRtKSE0sSITxGQ9LTNECcSDfJHknhsVYG0A+FrkDBTP09kSAu5YR7upMjNZLz3lT8z+vFyj9zExpEsSIBni3yYwZVCKepwAEVBCs20QRhQfWtEI+QQFjp7Eo6BHv+5UXSrlbseqV2Uys3zvM4iuAAHIETYINT0ABXoAlaAINH8AxewZvxZLwY78bHrLVg5DP74A+Mzx+TXZkP</latexit>

2SF ! 6PM



• Clean environment with well-defined asymptotic states.
• Exact post-Minkowskian calculations for bound orbits 

[Damour ’19; Bini, Damour & Geralico ’20].

• Calibration of Effective-One-Body (EOB)                         
in the ultra-strong field.
• Comparisons with scatter amplitude calculations:
• QFT and EFT [Bern et al. ‘21].

• Dictionary between scatter and bound [Cho et al. ‘21].
• Scattering angle ↔ periastron advance.

Motivation: Extreme-mass ratio scatter orbits

<latexit sha1_base64="wxeP6HGX2xQtLW8C9NMj49JRKqo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmkqCspCOJGqGgf0IQymU7aoTOTMDNRSsjSjb/ixoUibv0Ed/6N07QLbT1w4XDOvdx7TxAzqrTjfFuFhcWl5ZXiamltfWNzy97eaaookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVDC/GfuueSEUjcadHMfE56gsaUoy0kbr2vpt6ksPbywx6kvYHGkkZPcBqrtavs65ddipODjhP3CkpgynqXfvL60U44URozJBSHdeJtZ8iqSlmJCt5iSIxwkPUJx1DBeJE+Wn+SAYPjdKDYSRNCQ1z9fdEirhSIx6YTo70QM16Y/E/r5Po8MxPqYgTTQSeLAoTBnUEx6nAHpUEazYyBGFJza0QD5BEWJvsSiYEd/bledI8rrgnlepNtVw7n8ZRBHvgABwBF5yCGrgCddAAGDyCZ/AK3qwn68V6tz4mrQVrOrML/sD6/AGOo5kM</latexit>

1SF ! 4PM
<latexit sha1_base64="3f5ZEpTmy0nuAvDb/PYUfCI3LBI=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlKqa6kIIgboaJ9QBPKZDpph84kYWailJClG3/FjQtF3PoJ7vwbp2kW2nrgwuGce7n3Hi9iVCrL+jYKS8srq2vF9dLG5tb2jrm715ZhLDBp4ZCFoushSRgNSEtRxUg3EgRxj5GON76Y+p17IiQNgzs1iYjL0TCgPsVIaalvHlYTR3B4e5lCR9DhSCEhwgdYz9Tmddo3y1bFygAXiZ2TMsjR7JtfziDEMSeBwgxJ2bOtSLkJEopiRtKSE0sSITxGQ9LTNECcSDfJHknhsVYG0A+FrkDBTP09kSAu5YR7upMjNZLz3lT8z+vFyj9zExpEsSIBni3yYwZVCKepwAEVBCs20QRhQfWtEI+QQFjp7Eo6BHv+5UXSrlbseqV2Uys3zvM4iuAAHIETYINT0ABXoAlaAINH8AxewZvxZLwY78bHrLVg5DP74A+Mzx+TXZkP</latexit>

2SF ! 6PM
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Scattering

Bound



Scattering geodesics

10

Energy and angular momentum:

E > 1

<latexit sha1_base64="6FnDoY6BsNfOkXDzwc80mdnU75Q=">AAAB6nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJVNpupCCCy4r2Am0ok+mkHTqZhJmJUEIfwY0LRdz6RO58GydpEG8/DHz85xzOmd+LOFPatj+swsrq2vpGcbO0tb2zu1feP+iqMJaEdkjIQ9n3sKKcCdrRTHPajyTFgcdpz5tdpvXePZWKheJOzyPqBngimM8I1sa6vbpwRuWKXbUzob/g5FCBXO1R+X04DkkcUKEJx0oNHDvSboKlZoTTRWkYKxphMsMTOjAocECVm2SnLtCJccbID6V5QqPM/T6R4ECpeeCZzgDrqfpdS83/aoNY+w03YSKKNRVkuciPOdIhSv+NxkxSovncACaSmVsRmWKJiTbplLIQmpnQEuq1HJrOVwjds6pTq57f1CqtRh5HEY7gGE7BgTq04Bra0AECE3iAJ3i2uPVovVivy9aClc8cwg9Zb5/JVo3a</latexit>

L > Lcrit(E)

<latexit sha1_base64="I1aAm1EupYMrVzMiaCPq3dbl8D4=">AAAB+3icbZBLS8NAFIUnPmt9xbp0M1iEuimJFNpupCCCiy4q2Ae0IUym03bo5MHMjbSE/BU3LhRx6x9x578xSYP4OjDwcc69zMxxAsEVGMaHtra+sbm1Xdgp7u7tHxzqR6We8kNJWZf6wpcDhygmuMe6wEGwQSAZcR3B+s78Ks3790wq7nt3sAyY5ZKpxyecEkgsWy+1L9v2CNgCIio5xJXrc1svG1UjE/4LZg5llKtj6++jsU9Dl3lABVFqaBoBWBGRwKlgcXEUKhYQOidTNkzQIy5TVpS9PcZniTPGE18mxwOcud83IuIqtXSdZNIlMFO/s9T8LxuGMGlYEfeCEJhHVxdNQoHBx2kReMwloyCWCZD065xiOiOSUEjqKmYlNDPhFdRrOTTNrxJ6F1WzVm3e1sqtRl5HAZ2gU1RBJqqjFrpBHdRFFC3QA3pCz1qsPWov2utqdE3Ld47RD2lvn5B5lIc=</latexit>



Energy and angular momentum:

Geodesics:

Scattering angle:

<latexit sha1_base64="fY+wx6U0VIP9XX6j3ovfEtlA0t4=">AAACGHicbVDJSgNBEO1xjXGLevTSGITkYJwJQQMiBETw4CGCWSCThJ6enqRJz0J3jRCGfIYXf8WLB0W85ubf2FkOmvig4PFeFVX1nEhwBab5baysrq1vbKa20ts7u3v7mYPDugpjSVmNhiKUTYcoJnjAasBBsGYkGfEdwRrO4GbiN56YVDwMHmEYsbZPegH3OCWgpW7m3BbMgxy2PUlo4spR4tpA4hG2Je/1Id8pXuPbThGf4Xru/krmu5msWTCnwMvEmpMsmqPazYxtN6SxzwKggijVsswI2gmRwKlgo7QdKxYROiA91tI0ID5T7WT62AifasXFXih1BYCn6u+JhPhKDX1Hd/oE+mrRm4j/ea0YvHI74UEUAwvobJEXCwwhnqSEXS4ZBTHUhFDJ9a2Y9omOCHSWaR2CtfjyMqkXC9ZFofRQylbK8zhS6BidoByy0CWqoDtURTVE0TN6Re/ow3gx3oxP42vWumLMZ47QHxjjH52znik=</latexit>✓
dr

d⌧

◆2

= E2 � V (L; r)

Scattering geodesics

11

<latexit sha1_base64="XnOUFCtIKJ6zhrDSFGVwZJBJg94="></latexit>

dt

d⌧
=

E r

r � 2M

d'

d⌧
=

L

r2

E > 1

<latexit sha1_base64="6FnDoY6BsNfOkXDzwc80mdnU75Q=">AAAB6nicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJVNpupCCCy4r2Am0ok+mkHTqZhJmJUEIfwY0LRdz6RO58GydpEG8/DHz85xzOmd+LOFPatj+swsrq2vpGcbO0tb2zu1feP+iqMJaEdkjIQ9n3sKKcCdrRTHPajyTFgcdpz5tdpvXePZWKheJOzyPqBngimM8I1sa6vbpwRuWKXbUzob/g5FCBXO1R+X04DkkcUKEJx0oNHDvSboKlZoTTRWkYKxphMsMTOjAocECVm2SnLtCJccbID6V5QqPM/T6R4ECpeeCZzgDrqfpdS83/aoNY+w03YSKKNRVkuciPOdIhSv+NxkxSovncACaSmVsRmWKJiTbplLIQmpnQEuq1HJrOVwjds6pTq57f1CqtRh5HEY7gGE7BgTq04Bra0AECE3iAJ3i2uPVovVivy9aClc8cwg9Zb5/JVo3a</latexit>

b := lim
r!1

r sin |'(r)� '(1)|

<latexit sha1_base64="opP7QOrxb+6OaTjdp4vlviHthBg="></latexit>

L > Lcrit(E)

<latexit sha1_base64="I1aAm1EupYMrVzMiaCPq3dbl8D4=">AAAB+3icbZBLS8NAFIUnPmt9xbp0M1iEuimJFNpupCCCiy4q2Ae0IUym03bo5MHMjbSE/BU3LhRx6x9x578xSYP4OjDwcc69zMxxAsEVGMaHtra+sbm1Xdgp7u7tHxzqR6We8kNJWZf6wpcDhygmuMe6wEGwQSAZcR3B+s78Ks3790wq7nt3sAyY5ZKpxyecEkgsWy+1L9v2CNgCIio5xJXrc1svG1UjE/4LZg5llKtj6++jsU9Dl3lABVFqaBoBWBGRwKlgcXEUKhYQOidTNkzQIy5TVpS9PcZniTPGE18mxwOcud83IuIqtXSdZNIlMFO/s9T8LxuGMGlYEfeCEJhHVxdNQoHBx2kReMwloyCWCZD065xiOiOSUEjqKmYlNDPhFdRrOTTNrxJ6F1WzVm3e1sqtRl5HAZ2gU1RBJqqjFrpBHdRFFC3QA3pCz1qsPWov2utqdE3Ld47RD2lvn5B5lIc=</latexit>

Velocity at infinity and impact parameter:

<latexit sha1_base64="OYxk54AsSJUnZgsu4tKw23bwepk="></latexit>

�' :=

Z 1

�1

d'

dt
dt� ⇡

<latexit sha1_base64="uapFbpGfVPyygmWk9FcI25TFCtA=">AAACFnicbVDLSsNAFJ34rPVVdelmsAhuLImIiiAU3bisYB/QhDKZTNrBySTM3FRCzFe48VfcuFDErbjzb5w+Fr4OXDiccy/33uMngmuw7U9rZnZufmGxtFReXlldW69sbLZ0nCrKmjQWser4RDPBJWsCB8E6iWIk8gVr+zcXI789ZErzWF5DljAvIn3JQ04JGKlX2R/i0zPshorQPMCqyAMo3HPev+vlylW8PwCiVHzrchlCVvQqVbtmj4H/EmdKqmiKRq/y4QYxTSMmgQqiddexE/ByooBTwYqym2qWEHpD+qxrqCQR014+fqvAu0YJcBgrUxLwWP0+kZNI6yzyTWdEYKB/eyPxP6+bQnji5VwmKTBJJ4vCVGCI8SgjHHDFKIjMEEIVN7diOiAmIjBJlk0Izu+X/5LWQc05qh1eHVbrJ9M4Smgb7aA95KBjVEeXqIGaiKJ79Iie0Yv1YD1Zr9bbpHXGms5soR+w3r8AYsWgLQ==</latexit>

v :=
dr

dt

���
r!1

<latexit sha1_base64="+lADP2s+J4pqX0+5Xu8D91WDmUU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVor0UCh70WMFtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rdT2Njc2t4p7pb29g8Oj8rHJ20tU0WoTySXqhtiTTkT1DfMcNpNFMVxyGknnNzO/c4TVZpJ8WimCQ1iPBIsYgQbK/l3DdLwBuWKW3UXQOvEy0kFcrQG5a/+UJI0psIQjrXueW5iggwrwwins1I/1TTBZIJHtGepwDHVQbY4doYurDJEkVS2hEEL9fdEhmOtp3FoO2NsxnrVm4v/eb3URPUgYyJJDRVkuShKOTISzT9HQ6YoMXxqCSaK2VsRGWOFibH5lGwI3urL66R9VfWuq7WHWqVZz+MowhmcwyV4cANNuIcW+ECAwTO8wpsjnBfn3flYthacfOYU/sD5/AHLqY4A</latexit>

G = c = 1



Expansion in the mass ratio:

Perturbed equations of motion:

Can split self-force into conservative and dissipative pieces:

Dissipative self-force removes energy and angular momentum from the system.

<latexit sha1_base64="dFQ9STeDUT06b0k6nk7EYd3JB6w="></latexit>

E = E1 � ⌘

Z ⌧

�1
Ft d⌧ L = L1 + ⌘

Z ⌧

�1
F' d⌧

Self-forced equations of motion

12

Geodesic

<latexit sha1_base64="iLQAmvlD4sMCgqBw7aRV4hu8TTQ="></latexit>

F cons
↵ (r, ṙ) = �F cons

↵ (r,�ṙ) F diss
↵ (r, ṙ) = F diss

↵ (r,�ṙ)
<latexit sha1_base64="7j5MpaAZdeZobAPDaLOzPKVRvfs=">AAAB/HicbVBNS8NAEN34WetXtEcvi0XwICWRol6EghePFewHNKFMtpt26WYTdjeFEOpf8eJBEa/+EG/+G7dtDtr6YODx3gwz84KEM6Ud59taW9/Y3Nou7ZR39/YPDu2j47aKU0loi8Q8lt0AFOVM0JZmmtNuIilEAaedYHw38zsTKhWLxaPOEupHMBQsZAS0kfp2xQOejADfYn2BvQnIZMT6dtWpOXPgVeIWpIoKNPv2lzeISRpRoQkHpXquk2g/B6kZ4XRa9lJFEyBjGNKeoQIiqvx8fvwUnxllgMNYmhIaz9XfEzlESmVRYDoj0CO17M3E/7xeqsMbP2ciSTUVZLEoTDnWMZ4lgQdMUqJ5ZggQycytmIxAAtEmr7IJwV1+eZW0L2vuVa3+UK826kUcJXSCTtE5ctE1aqB71EQtRFCGntErerOerBfr3fpYtK5ZxUwF/YH1+QNb9JPp</latexit>

↵ = t,'

<latexit sha1_base64="hGUqdej2LAXk++RFNHfrMSyRSFc="></latexit>

g↵� = g↵� + ⌘h(1)
↵� + ⌘2h(2)

↵� + ...

Schwarzschild/Kerr

<latexit sha1_base64="mFNZUC0vxwGG/BWJsT3ek6vkI4o=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiRYsgFNy4ESrYBzShTKaTduhMEmYmQgkBf8WNC0Xc+h3u/Bunj4W2HrhwOOde7r0nSDhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VJxKQpsk5rHsBFhRziLa1Exz2kkkxSLgtB2MbiZ++5FKxeLoQY8T6gs8iFjICNZG6tlHHtUYXV0jL5SYZJ5I8+wu79llp+JMgZaJOydlmKPRs7+8fkxSQSNNOFaq6zqJ9jMsNSOc5iUvVTTBZIQHtGtohAVVfjY9P0enRumjMJamIo2m6u+JDAulxiIwnQLroVr0JuJ/XjfVYc3PWJSkmkZktihMOdIxmmSB+kxSovnYEEwkM7ciMsQmB20SK5kQ3MWXl0nrvOJeVKr31XK9No+jCMdwAmfgwiXU4RYa0AQCGTzDK7xZT9aL9W59zFoL1nzmEP7A+vwBk2CVPA==</latexit>

⌘ :=
µ

M



Scattering angle as a radial integral:

Perturb equation [Barack & OL ‘22]:

Can split into conservative and dissipative pieces on outgoing leg:

<latexit sha1_base64="QnwFjuJjO8peYEmmcUrgJaUoH78="></latexit>

�'(1) =
X

±

Z 1

Rmin

⇥
G±
E (r;E1, L1)F±

t � G±
L (r;E1, L1)F±

'

⇤
dr

Self-force correction to the scattering angle

13

<latexit sha1_base64="tStfHzzhx6QPaLgr3VOq/rWPLA4=">AAACJXicbVDLSgNBEJyN7/iKevQyGARFCLsS1IOC4MWjglEhG0PvpNcMmX0w0xsIS37Gi7/ixYMigid/xUncgxoLGmqqupnuClIlDbnuh1Oamp6ZnZtfKC8uLa+sVtbWr02SaYENkahE3wZgUMkYGyRJ4W2qEaJA4U3QOxv5N33URibxFQ1SbEVwH8tQCiArtSvHfgcVgd8HnXYlP+G/3nf5jrs73PORYMLwdoftStWtuWPwSeIVpMoKXLQrr34nEVmEMQkFxjQ9N6VWDpqkUDgs+5nBFEQP7rFpaQwRmlY+vnLIt63S4WGibcXEx+rPiRwiYwZRYDsjoK75643E/7xmRuFRK5dxmhHG4vujMFOcEj6KjHekRkFqYAkILe2uXHRBgyAbbNmG4P09eZJc79e8g1r9sl49PSrimGebbIvtMI8dslN2zi5Ygwn2wJ7YC3t1Hp1n5815/24tOcXMBvsF5/MLD8uk8w==</latexit>

�' = �'(0) + ⌘�'(1)

<latexit sha1_base64="iADBvjMN7JVNynQWmOMj1ruBUzE="></latexit>

�' =
X

±

Z 1

r±p

'̇
±

ṙ±
dr � ⇡ =

X

±

Z 1

r±p

H
±(r;E,L)q
r � r

±
p

dr � ⇡

<latexit sha1_base64="jL7tvCrMzFPA8WFpAZnoLDfNt9Y="></latexit>

�'(1)
cons =

Z 1

Rmin

⇥
Gcons
E F cons

t � Gcons
L F cons

'

⇤
dr

<latexit sha1_base64="fG+eAfeWiExEFHQEUlJ3byAtjMk="></latexit>

�'(1)
diss =

Z 1

Rmin

⇥
Gdiss
E F diss

t � Gdiss
L F diss

'

⇤
dr



Scalar self-force model

14

Endow particle with a spin-0 scalar charge q.
New small parameter:

Scalar field obeys the Klein-Gordon equation:

Scalar self-force:

<latexit sha1_base64="pa1i2d6pbday4HxOCwYhpDZ6G3o=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8FQSKVoEoeDFi1DBfkBTyma7aZduNnF3I5SQi3/FiwdFvPozvPlv3LY5aOuDgcd7M8zM82POlHacb2tpeWV1bb2wUdzc2t7Ztff2mypKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR9cTv/VIpWKRuNfjmHZDPBAsYARrI/XsQ49qjC6vkBdITNKHLPXCBN1mPbvklJ0p0CJxc1KCHPWe/eX1I5KEVGjCsVId14l1N8VSM8JpVvQSRWNMRnhAO4YKHFLVTacPZOjEKH0URNKU0Giq/p5IcajUOPRNZ4j1UM17E/E/r5PooNpNmYgTTQWZLQoSjnSEJmmgPpOUaD42BBPJzK2IDLFJQpvMiiYEd/7lRdI8K7vn5cpdpVSr5nEU4AiO4RRcuIAa3EAdGkAgg2d4hTfryXqx3q2PWeuSlc8cwB9Ynz/JdZXh</latexit>
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Lagrangian:

Three-point interaction vertices:

Only keep terms which are linear in mass-ratio and proportional to 

Scalar self-force in terms of amplitudes
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2 Scalar Model

2.1 General relativity description

Our basic setup is we take a test particle in orbit around a heavy Schwarzschild black hole,
keeping the 1SF terms that are proportional to the charge square Q

2.
What is exactly meant to go here, should we write the EOM for the scalar model?–EH

�2

h

�2 �1

h

�1  

h

 �1

 

�1 h

h

h

Figure 1: The three-point interaction vertices of the model.

2.2 EFT description

In the post-Minkowskian framework we describe the two black holes via an effective field theory
where black holes are treated as point particles. Tidal and spin effects are incorporated by
adding additional operators.

Starting from the minimal couplings, we can define the effective field theory describing
the model by its three-point interactions, shown in Fig. 1. Our model is defined through the
minimally coupled Lagrangian,
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Z
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D
x
p
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2
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�
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where the �1 and �2 fields represent the two black holes and. The massless “self-force” scalar  should
go
mostly
plus
to
match
Leor
and
Olly?

couples minimally to gravity and also couples to the light black hole �1 only. The gravitational
coupling  is related to Newton’s constant G via


2 = 32⇡G , (2.2)

and naturally appears in the perturbative expansion of the metric around flat space

gµ⌫ = ⌘µ⌫ + hµ⌫ . (2.3)

The scalar charge Q̃ is made dimensionless by scaling it with the mass m1 of the charged particle
to match the normalization in Refs. [20,59]

Q̃ ⌘ 4
p
⇡m1Q . (2.4)

This minimally coupled effective field theory captures all non-tidal operators. However, as we
shall see at the fourth post-Minkowskian order, the minimal contributions mix with scalar tidal

3
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�2 �2

�1

(a)

�1

�2 �2

�1

(b)

�1

�2 �2

�1

(c)

Figure 2: Representative diagrams at O(Q2) and at (a) 2PM, (b) 3PM, and (c) 4PM orders.

3PM

4PM

Sing glory to vast improvement from using EOB improved fits [61,62]

 

�2 �2

 

Figure 3: The tidal operators that mix with the scalar model. In the language of quantum field theory
these are counterterms.

�1

�2 �2

�1

Figure 4: The counterterm tidal operator that mixes with the scalar model.

4.2 Finite-size Effect

A novel feature of the scalar model is that the finite-size effect appears at lower order than GR.
As the explicit calculation shows, the conservative scattering at 4PM of the minimally coupled
model does have 1/✏ divergence even after including the tail contribution. We can identify this
divergence in the scattering of  off the massive �2 at 3PM, where the result in minimal model
can have short-distanced divergence that can be absorbed by the Wilson coefficients c1, c2. The

5
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Scattering angle correction: PM expansion

2PM [Gralla & Lobo ‘22]:

3PM:

4PM dissipative:

16

<latexit sha1_base64="DuaU0CctJlydVC+bAxsb5TQAGgc=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSlKKdiMU3LgRKtgHNDFMJtN26EwSZiaFEvIHbvwVNy4UcevWnX/jNM1CWw8MHM65lzvn+DGjUlnWt7Gyura+sVnaKm/v7O7tmweHHRklApM2jlgkej6ShNGQtBVVjPRiQRD3Gen64+uZ350QIWkU3qtpTFyOhiEdUIyUljzzzAkIU8iZIBGP6EPqCA5rrdvMy1lApczgFbQ8s2JVrRxwmdgFqYACLc/8coIIJ5yECjMkZd+2YuWmSCiKGcnKTiJJjPAYDUlf0xBxIt00z5PBU60EcBAJ/UIFc/X3Roq4lFPu60mO1EguejPxP6+fqEHDTWkYJ4qEeH5okDCoIjgrR+cVBCs21QRhQfVfIR4hgbDSFZZ1CfZi5GXSqVXti2r9rl5pNoo6SuAYnIBzYINL0AQ3oAXaAINH8AxewZvxZLwY78bHfHTFKHaOwB8Ynz8bjZwE</latexit>

�'2PM
diss = 0

<latexit sha1_base64="c8CF30hx+eOjOK5gMUd2TvYOqK0="></latexit>

�'2PM
cons = �⇡

4

✓
M

b

◆2

<latexit sha1_base64="fldFrDVGGhA4IooidpzpA2FCiz0="></latexit>

�'3PM
cons = �

4
�
3� v2

�

3v2
p
1� v2

✓
M

b

◆3
<latexit sha1_base64="viBgjQ6a4MwQr/7Y6rOYTrZPIpc="></latexit>

�'3PM
diss =

2
�
v2 + 1

�2

3v3
p
1� v2

✓
M

b

◆3

<latexit sha1_base64="RKIp1OsuWB4TkNiQCEgTdGbil7M="></latexit>

�'4PM
diss =

✓
r1 + r2 arcsech

⇣p
1� v2

⌘
+ r3 log


1

2

✓
1p

1� v2
+ 1

◆�◆✓
M

b

◆4

<latexit sha1_base64="UZw1mSlieMeB/e6SJIkDqpHL+LI=">AAACC3icbVC7SgNBFJ2NrxhfUUubIUGwCrsSNI0QsLGMYB6QLGF2cjcZMvtg5q4YlvQ2/oqNhSK2/oCdf+Mk2UITDwwczjmXO/d4sRQabfvbyq2tb2xu5bcLO7t7+wfFw6OWjhLFockjGamOxzRIEUITBUroxApY4Eloe+Prmd++B6VFFN7hJAY3YMNQ+IIzNFK/WFJ9Qa9oD+EBUzUXmaQ8At9kBISop/1i2a7Yc9BV4mSkTDI0+sWv3iDiSWCmuWRadx07RjdlCgWXMC30Eg0x42M2hK6hIQtAu+n8lik9NcqA+pEyL0Q6V39PpCzQehJ4JhkwHOllbyb+53UT9GtuKsI4QQj5YpGfSIoRnRVDB0IBRzkxhHElzF8pHzHFOJr6CqYEZ/nkVdI6rzgXlepttVyvZXXkyQkpkTPikEtSJzekQZqEk0fyTF7Jm/VkvVjv1scimrOymWPyB9bnD1FEmzo=</latexit>

ri = rational coe�cients



Decompose scalar field in the time-domain:

1+1D scalar wave equation in null-coordinates:

Evolve finite-difference version of 1+1D equation.

Scalar field evolution scheme
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<latexit sha1_base64="OYm2MPagqmtwkEYUk/c+13QCkdA=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgnorePEkFewHtkubTbNtaJJdkqxQlv4LLx4U8eq/8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NJRoghtkohHqhNgTTmTtGmY4bQTK4pFwGk7mNxkfvuJKs0i+WCmMfUFHkkWMoKNlR57SqDB4C7hvF+uuFV3DrRKvJxUIEejX/7qDSOSCCoN4VjrrufGxk+xMoxwOiv1Ek1jTCZ4RLuWSiyo9tP5xTN0ZpUhCiNlSxo0V39PpFhoPRWB7RTYjPWyl4n/ed3EhFd+ymScGCrJYlGYcGQilL2PhkxRYvjUEkwUs7ciMsYKE2NDKtkQvOWXV0nrourVqtf3tUq9lsdRhBM4hXPw4BLqcAsNaAIBCc/wCm+Odl6cd+dj0Vpw8plj+APn8wcst5CS</latexit>

<latexit sha1_base64="TEddN1EDTwwK/xS/QtHKDihJqy4="></latexit>

 ,uv + V (`; r) = S (`;x
µ
p ) � (r �R)

<latexit sha1_base64="V7xFD91OxvIeQ6/5qfWdHAFBUrw="></latexit>

� =
2⇡q

r

1X

`=0

X̀

m=�`

 `m(t, r)Y`m(✓,')



Post-processing: Truncation at finite radius

Can only numerically determine the self-force up to a finite radius 

Form an analytic tail by fitting to the data:
• Fit the self-force data.
• Fit the integrand directly.

Tail contributes an error ~ 0.01%.
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<latexit sha1_base64="hYuoLejtve7vM0g8Xe3v577Muwo="></latexit>

�'(1) =

Z Rfinal

Rmin

[GEFt � GLF'] dr +

Z 1

Rfinal

[GEFt � GLF'] dr

Numerical Error (~1%)

<latexit sha1_base64="72VKbhAIj9Z6WASs4WDBKY0SvhY=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkaBGEghePtdgPaEPYbDft0s0m7G4KJfSfePGgiFf/iTf/jds2B219MPB4b4aZeUHCmdKO820VNja3tneKu6W9/YPDI/v4pK3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw/9zsTKhWLxZOeJtSL8FCwkBGsjeTbdvOu6Wd9GaGQCcxnt75ddirOAmiduDkpQ46Gb3/1BzFJIyo04Vipnusk2suw1IxwOiv1U0UTTMZ4SHuGChxR5WWLy2fowigDFMbSlNBoof6eyHCk1DQKTGeE9UitenPxP6+X6rDmZUwkqaaCLBeFKUc6RvMY0IBJSjSfGoKJZOZWREZYYqJNWCUTgrv68jppX1Xc60r1sVqu1/I4inAG53AJLtxAHR6gAS0gMIFneIU3K7NerHfrY9lasPKZU/gD6/MH11aTIQ==</latexit>

R = Rfinal :



Post-processing: Richardson extrapolation

Next dominant error due to finite resolution ~ 0.1%.

Can increase the convergence from quadratic to cubic using Richardson extrapolation.

19

Model:

Extrapolation:

Error in extrapolation < 0.001%.

<latexit sha1_base64="RUcKr2p/og1ypiwU2m/afu20Y+8="></latexit>

A(h) = Aexact + Ch
n +O

�
h
n+1

�

<latexit sha1_base64="hWFIH/RWl2cZZg+T+v1hBe38ad4="></latexit>

AExtr =
t
n
A(ht )�A(h)

tn � 1

=Aexact +O(hn+1)



Sample orbits
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PM comparison:
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<latexit sha1_base64="D73ghsKcowGis2bvkI0Tinv3NHM=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgadkVXxch4sVjBDcJJEuYncwmQ2ZnlpnZQFgC/oEXD4p49YO8+TdOHgdNLGgoqrrp7opSzrTxvG+nsLK6tr5R3Cxtbe/s7pX3D+paZorQgEguVTPCmnImaGCY4bSZKoqTiNNGNLib+I0hVZpJ8WhGKQ0T3BMsZgQbKwXDG8+96JQrnutNgZaJPycVmKPWKX+1u5JkCRWGcKx1y/dSE+ZYGUY4HZfamaYpJgPcoy1LBU6oDvPpsWN0YpUuiqWyJQyaqr8ncpxoPUoi25lg09eL3kT8z2tlJr4OcybSzFBBZovijCMj0eRz1GWKEsNHlmCimL0VkT5WmBibT8mG4C++vEzqZ65/6Z4/nFeqt0+zOIpwBMdwCj5cQRXuoQYBEGDwDK/w5gjnxXl3PmatBWce4SH8gfP5A93pjno=</latexit>

v = 0.5

Conservative Dissipative



<latexit sha1_base64="S5wruPqQXz9HgEBZ/Sjso3Al3LQ="></latexit>

�'4PM
cons =

 
r1 + r2 arccosh

✓
1p

1� v2

◆
+ r3 arccosh

✓
1p

1� v2

◆2

+ r4E

 
�v2 + 2

p
1� v2 � 2

v2

!2

+ r5K

 
�v2 + 2

p
1� v2 � 2

v2

!
E

 
�v2 + 2

p
1� v2 � 2

v2

!
+ r6K

 
�v2 + 2

p
1� v2 � 2

v2

!2

+ r7 log

✓
v

2
p
1� v2

◆
+ r8 log

✓
v

2
p
1� v2

◆
arccosh

✓
1p

1� v2

◆

+ r9 log

✓
v

2
p
1� v2

◆
log

✓
1

2

✓
1p

1� v2
+ 1

◆◆
+ r10 log

✓
1

2

✓
1p

1� v2
+ 1

◆◆

+ r11 log
2

✓
1

2

✓
1p

1� v2
+ 1

◆◆
+ r12 ↵+ r13

�

v2
+ r4 log(b)

!✓
M

b

◆4

Scattering angle correction: 4PM conservative
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Free coefficients

Elliptic integrals

Log term
<latexit sha1_base64="UZw1mSlieMeB/e6SJIkDqpHL+LI=">AAACC3icbVC7SgNBFJ2NrxhfUUubIUGwCrsSNI0QsLGMYB6QLGF2cjcZMvtg5q4YlvQ2/oqNhSK2/oCdf+Mk2UITDwwczjmXO/d4sRQabfvbyq2tb2xu5bcLO7t7+wfFw6OWjhLFockjGamOxzRIEUITBUroxApY4Eloe+Prmd++B6VFFN7hJAY3YMNQ+IIzNFK/WFJ9Qa9oD+EBUzUXmaQ8At9kBISop/1i2a7Yc9BV4mSkTD I0+sWv3iDiSWCmuWRadx07RjdlCgWXMC30Eg0x42M2hK6hIQtAu+n8lik9NcqA+pEyL0Q6V39PpCzQehJ4JhkwHOllbyb+53UT9GtuKsI4QQj5YpGfSIoRnRVDB0IBRzkxhHElzF8pHzHFOJr6CqYEZ/nkVdI6rzgXlepttVyvZXXkyQkpkTPikEtSJzekQZqEk0fyTF7Jm/VkvVjv1scimrOymWPyB9bnD1FEmzo=</latexit>

ri = rational coe�cients

Preliminary

�1

�2 �2

�1

(a)

�1

�2 �2

�1

(b)

�1

�2 �2

�1

(c)

Figure 2: Representative diagrams at O(Q2) and at (a) 2PM, (b) 3PM, and (c) 4PM orders.

3PM

4PM

Sing glory to vast improvement from using EOB improved fits [61,62]

 

�2 �2

 

Figure 3: The tidal operators that mix with the scalar model. In the language of quantum field theory
these are counterterms.

�1

�2 �2

�1

Figure 4: The counterterm tidal operator that mixes with the scalar model.

4.2 Finite-size Effect

A novel feature of the scalar model is that the finite-size effect appears at lower order than GR.
As the explicit calculation shows, the conservative scattering at 4PM of the minimally coupled
model does have 1/✏ divergence even after including the tail contribution. We can identify this
divergence in the scattering of  off the massive �2 at 3PM, where the result in minimal model
can have short-distanced divergence that can be absorbed by the Wilson coefficients c1, c2. The

5



Extraction of high-order conservative PM results

Subtract known analytic parts:

23

80 -202.6 ± 1.7 20.07 ± 0.09
100 -96.8 ± 2.7 8.52 ± 0.13
125 -114 ± 8 8.91 ± 0.35

<latexit sha1_base64="uy7gKsT4jXuSy5rW3w0FPl0c7ao=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKexK0BwDXjxGMImQLKF3MpuMmZ1ZZmaFsOQfvHhQxKv/482/cfI4qChY0FBUddPdFaWCG+v7H15hZXVtfaO4Wdra3tndK+8ftI3KNGUtqoTStxEaJrhkLcutYLepZphEgnWi8eXM79wzbbiSN3aSsjDBoeQxp2id1O6hSEfYL1eCqj8H+ZtUYIlmv/zeGyiaJUxaKtCYbuCnNsxRW04Fm5Z6mWEp0jEOWddRiQkzYT6/dkpOnDIgsdKupCVz9etEjokxkyRynQnakfnpzcTfvG5m43qYc5lmlkm6WBRnglhFZq+TAdeMWjFxBKnm7lZCR6iRWhdQ6X8htM+qwXm1dl2rNOrLOIpwBMdwCgFcQAOuoAktoHAHD/AEz57yHr0X73XRWvCWM4fwDd7bJ4/Sjxo=</latexit>

↵
<latexit sha1_base64="JP5MD6eBfC6EzbJxAJwOCPyi4Ws=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKe5KiDkGvHgRIpoHJEuYncwmQ2Znl5leISz5BC8eFPHqF3nzb5w8DioKFjQUVd10dwWJFAZd98PJrayurW/kNwtb2zu7e8X9g5aJU814k8Uy1p2AGi6F4k0UKHkn0ZxGgeTtYHw589v3XBsRqzucJNyP6FCJUDCKVroNzq77xZJXducgf5MSLNHoF997g5ilEVfIJDWm67kJ+hnVKJjk00IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9etERiNjJlFgOyOKI/PTm4m/ed0Uw5qfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tO4X8htM7LXrVcuamU6rVlHHk4gmM4BQ8uoA5X0IAmMBjCAzzBsyOdR+fFeV205pzlzCF8g/P2Cc/ujXg=</latexit>

b/M
<latexit sha1_base64="GyHqEUNnfSTwGjx4O22brarh6Wk=">AAAB7HicjVBNS8NAEJ3Ur1q/qh69LBbBU0mlaI8FLx4rmLbQhrLZTtqlm03YnQgl9Dd48aCIV3+QN/+N6cdBRcEHA4/3ZpiZFyRKWnLdD6ewtr6xuVXcLu3s7u0flA+P2jZOjUBPxCo23YBbVFKjR5IUdhODPAoUdoLJ9dzv3KOxMtZ3NE3Qj/hIy1AKTrnk9QMkPihXalV3AfY3qcAKrUH5vT+MRRqhJqG4tb2am5CfcUNSKJyV+qnFhIsJH2Evp5pHaP1sceyMneXKkIWxyUsTW6hfJzIeWTuNgrwz4jS2P725+JvXSyls+JnUSUqoxXJRmCpGMZt/zobSoCA1zQkXRua3MjHmhgvK8yn9L4T2RbV2Wa3f1ivNxiqOIpzAKZxDDa6gCTfQAg8ESHiAJ3h2tPPovDivy9aCs5o5hm9w3j4ByCeOpg==</latexit>

�

<latexit sha1_base64="Tqx4Z6TXieuZN8YQhodCP8uav9g="></latexit>

✏ := ��cons � ��
2PM
cons � ��

3PM
cons � A(v) +B log(b)

b4
=

⇡

32

✓
↵+

�

v2

◆
1

b4
+O

✓
1

b5

◆

Preliminary



PM comparison: Conservative
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<latexit sha1_base64="D73ghsKcowGis2bvkI0Tinv3NHM=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgadkVXxch4sVjBDcJJEuYncwmQ2ZnlpnZQFgC/oEXD4p49YO8+TdOHgdNLGgoqrrp7opSzrTxvG+nsLK6tr5R3Cxtbe/s7pX3D+paZorQgEguVTPCmnImaGCY4bSZKoqTiNNGNLib+I0hVZpJ8WhGKQ0T3BMsZgQbKwXDG8+96JQrnutNgZaJPycVmKPWKX+1u5JkCRWGcKx1y/dSE+ZYGUY4HZfamaYpJgPcoy1LBU6oDvPpsWN0YpUuiqWyJQyaqr8ncpxoPUoi25lg09eL3kT8z2tlJr4OcybSzFBBZovijCMj0eRz1GWKEsNHlmCimL0VkT5WmBibT8mG4C++vEzqZ65/6Z4/nFeqt0+zOIpwBMdwCj5cQRXuoQYBEGDwDK/w5gjnxXl3PmatBWce4SH8gfP5A93pjno=</latexit>

v = 0.5

<latexit sha1_base64="qSuj128IdtHdniaI5jkRYxII78E=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRStBuh4MZlBfuAJpSb6aQdOpmEmYlYQn/FjQtF3Poj7vwbJ20W2nrgcg/n3MvcOUHCmdKO822VNja3tnfKu5W9/YPDI/u42lVxKgntkJjHsh+AopwJ2tFMc9pPJIUo4LQXTG9zv/dIpWKxeNCzhPoRjAULGQFtpKFd9YAnE8A32AuozrsztGtO3VkArxO3IDVUoD20v7xRTNKICk04KDVwnUT7GUjNCKfzipcqmgCZwpgODBUQUeVni9vn+NwoIxzG0pTQeKH+3sggUmoWBWYyAj1Rq14u/ucNUh02/YyJJNVUkOVDYcqxjnEeBB4xSYnmM0OASGZuxWQCEog2cVVMCO7ql9dJ97LuXtUb941aq1nEUUan6AxdIBddoxa6Q23UQQQ9oWf0it6sufVivVsfy9GSVeycoD+wPn8ArUSS4g==</latexit>

↵ = � = 0

Preliminary



PM expansion with free parameters:

Up to 4PM can fit value or use 
analytic value.

Extraction of high-order dissipative PM results

25

11.2 ± 0.1
9.439 ± 0.01 184 ± 1
9.632 ± 0.002 143.8 ± 0.4 1847 ± 17
9.593 ± 0.002 152.7 ± 0.3 990 ± 31 25900 ± 900
9.6225 166.7 ± 1.3
9.6225 146.82 ± 0.09 1707 ± 7
9.6225 148.0 ± 0.02 1476 ± 34 -62100 ± 8700
9.6225 143.344 1987 ± 17
9.6225 143.344 2372 ± 29 -25500 ± 2100

<latexit sha1_base64="MUvrKRndbg9v7Ida0eMh2YWLsWo="></latexit>

�'PM
diss =

a3
b3

+
a4
b4

+
a5
b5

+
a6
b6

+ ...

<latexit sha1_base64="hjLYcdAewqt69HLg0lAB/UqAlmg=">AAAB6nicjVDLSgNBEOyNrxhfUY9eBoPgKexq0BwDXjxGNA9IltA7mU2GzM4uM7PCsuQTvHhQxKtf5M2/cfI4qChY0FBUddPdFSSCa+O6H05hZXVtfaO4Wdra3tndK+8ftHWcKspaNBax6gaomeCStQw3gnUTxTAKBOsEk6uZ37lnSvNY3pksYX6EI8lDTtFY6RYH54Nyxau6c5C/SQWWaA7K7/1hTNOISUMFat3z3MT4OSrDqWDTUj/VLEE6wRHrWSoxYtrP56dOyYlVhiSMlS1pyFz9OpFjpHUWBbYzQjPWP72Z+JvXS01Y93Muk9QwSReLwlQQE5PZ32TIFaNGZJYgVdzeSugYFVJj0yn9L4T2WdW7qNZuapVGfRlHEY7gGE7Bg0towDU0oQUURvAAT/DsCOfReXFeF60FZzlzCN/gvH0C7/CNjQ==</latexit>

a3
<latexit sha1_base64="/yesuTqhM4s6S46asJDDpH/VgR4=">AAAB6nicjVDLSgNBEOzxGeMr6tHLYBA8hV0JmmPAi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ4+DioIFDUVVN91dYaqkRc/7ICura+sbm4Wt4vbO7t5+6eCwZZPMcNHkiUpMJ2RWKKlFEyUq0UmNYHGoRDscX8389r0wVib6DiepCGI21DKSnKGTblm/2i+V/Yo3B/2blGGJRr/03hskPIuFRq6YtV3fSzHImUHJlZgWe5kVKeNjNhRdRzWLhQ3y+alTeuqUAY0S40ojnatfJ3IWWzuJQ9cZMxzZn95M/M3rZhjVglzqNEOh+WJRlCmKCZ39TQfSCI5q4gjjRrpbKR8xwzi6dIr/C6F1XvEvKtWbarleW8ZRgGM4gTPw4RLqcA0NaAKHITzAEzwTRR7JC3ldtK6Q5cwRfAN5+wTxdI2O</latexit>a4

<latexit sha1_base64="GitZQ4OeAv73B3mHHlVuZZehISk=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0mkao8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbdqDioIPBh7vzTAzL0gE18Z1P5zCyura+kZxs7S1vbO7V94/aOs4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjX3O/eoNI/lnZkm6Ed0JHnIGTVWuqWD80G54lXdHORvUoElmoPye38YszRCaZigWvc8NzF+RpXhTOCs1E81JpRN6Ah7lkoaofaz/NQZObHKkISxsiUNydWvExmNtJ5Gge2MqBnrn95c/M3rpSas+xmXSWpQssWiMBXExGT+NxlyhcyIqSWUKW5vJWxMFWXGplP6Xwjts6p3Ua3d1CqN+jKOIhzBMZyCB5fQgGtoQgsYjOABnuDZEc6j8+K8LloLznLmEL7BefsE8viNjw==</latexit>

a5
<latexit sha1_base64="8D30uGPS+5jKayPGZPVyRS7Tgq4=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0mk1B4LXjxWtB/QhjLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+N27QHFQUfDDzem2FmXpAIro3rfjiFtfWNza3idmlnd2//oHx41NFxqihr01jEqhegZoJL1jbcCNZLFMMoEKwbTK8WfveeKc1jeWdmCfMjHEsecorGSrc4rA/LFa/q5iB/kwqs0BqW3wejmKYRk4YK1LrvuYnxM1SGU8HmpUGqWYJ0imPWt1RixLSf5afOyZlVRiSMlS1pSK5+ncgw0noWBbYzQjPRP72F+JvXT03Y8DMuk9QwSZeLwlQQE5PF32TEFaNGzCxBqri9ldAJKqTGplP6Xwidi6pXr9ZuapVmYxVHEU7gFM7Bg0towjW0oA0UxvAAT/DsCOfReXFel60FZzVzDN/gvH0C9HyNkA==</latexit>

a6

<latexit sha1_base64="AZRlSyV9iD7gLZbrdc+Ic8UkXk4=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFkPAKtxJiCksAjaWEcwHJEfY2+wlS3b3jt09IRz5CzYWitj6h+z8N+4lV2jig4HHezPMzAtizrRx3W+nsLW9s7tX3C8dHB4dn5RPz7o6ShShHRLxSPUDrClnknYMM5z2Y0WxCDjtBbO7zO89UaVZJB/NPKa+wBPJQkawyaRbb1gdlStuzV0CbRIvJxXI0R6Vv4bjiCSCSkM41nrgubHxU6wMI5wuSsNE0xiTGZ7QgaUSC6r9dHnrAlWtMkZhpGxJg5bq74kUC63nIrCdApupXvcy8T9vkJiw6adMxomhkqwWhQlHJkLZ42jMFCWGzy3BRDF7KyJTrDAxNp6SDcFbf3mTdK9rXqNWf6hXWs08jiJcwCVcgQc30IJ7aEMHCEzhGV7hzRHOi/PufKxaC04+cw5/4Hz+AAk/jY8=</latexit>

< 1%
<latexit sha1_base64="5+QYUMvw/vVzuMQ69RW8HhKxg1g=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LJaCp5JI0R4LXjxWsB/QhLLZbtqlu5uwuxFK6I/w4kERr/4eb/4bt2kO2vpg4PHeDDPzwoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgxBrypmkXcMMp4NEUSxCTvvh7G7p95+o0iyWj2ae0EDgiWQRI9hYqe9rJjy/PqrW3IabA20SryA1KNAZVb/8cUxSQaUhHGs99NzEBBlWhhFOFxU/1TTBZIYndGipxILqIMvPXaC6VcYoipUtaVCu/p7IsNB6LkLbKbCZ6nVvKf7nDVMTtYKMySQ1VJLVoijlyMRo+TsaM0WJ4XNLMFHM3orIFCtMjE2oYkPw1l/eJL3rhnfTaD40a+1WEUcZLuASrsCDW2jDPXSgCwRm8Ayv8OYkzovz7nysWktOMXMOf+B8/gCh448W</latexit>

⇠ 1%
<latexit sha1_base64="9AlFZ+LrentIGocHrzTEqBVJUnI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexK0NwS8OIxonlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8NNMY/ZCOJB9yRo2VHmq1Wr9YcsvuAmSdeBkpQYZGv/jVG0QsCVEaJqjWXc+NjZ9SZTgTOCv0Eo0xZRM6wq6lkoao/XRx6oxcWGVAhpGyJQ1ZqL8nUhpqPQ0D2xlSM9ar3lz8z+smZlj1Uy7jxKBky0XDRBATkfnfZMAVMiOmllCmuL2VsDFVlBmbTsGG4K2+vE5aV2Xvuly5r5Tq1SyOPJzBOVyCBzdQhztoQBMYjOAZXuHNEc6L8+58LFtzTjZzCn/gfP4AmU+NVA==</latexit>

???
<latexit sha1_base64="Pinh/3PViMyo+Rx95vhMh6tEPVU=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9mVUnuz4MVjBfsB3aVk02wbmmSXJCuUpX/DiwdFvPpnvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2djc2t7Z7ewV9w/ODw6Lp2cdnScKkLbJOax6oVYU84kbRtmOO0limIRctoNJ3dzv/tElWaxfDTThAYCjySLGMHGSr6vmUBe3XUrt1eDUtmtugugdeLlpAw5WoPSlz+MSSqoNIRjrfuem5ggw8owwums6KeaJphM8Ij2LZVYUB1ki5tn6NIqQxTFypY0aKH+nsiw0HoqQtspsBnrVW8u/uf1UxM1gozJJDVUkuWiKOXIxGgeABoyRYnhU0swUczeisgYK0yMjaloQ/BWX14nneuqV6/WHmrlZiOPowDncAEV8OAGmnAPLWgDgQSe4RXenNR5cd6dj2XrhpPPnMEfOJ8/kceQDQ==</latexit>
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Preliminary



Summary and future work

Compared numerical scalar self-force results with analytic PM results.
Good agreement for both conservative and dissipative:
• ~10% for LO.
• ~ 1% for NLO.

Have investigated extractions of higher-order components from numerics:
• Fixed free parameters in 4PM conservative: agreement with numerics to < 0.5%.
• Extraction of 5PM dissipative coefficient.

Future work:
• Calculate the gravitational self-force correction to the scattering angle.
• Compare to PM(/NR/EOB) in the gravitational case.

Contact: oliver.long@aei.mpg.de
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