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• SF dynamics 

• Shockwaves 

• 0SF - geodesics on shockwave 
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Effective field theory

Self-Force from Effective Field Theory
[Galley, Hu; 0801.0900], [Galley, Porto; 1302.4486], [Dimitrios, Solon; 2308.15304] 
[Cheung, Parra-Martinez, Rothstein, Shah, Wilson-Gerow; 2406.14770], [Akpinar, del Duca, Gonzo; 2504.02025]

‣ Effective action 
 
 

‣Metric perturbation vanishes at particle (dimensional regularisation) 
 
 

‣QFT integration techniques

<latexit sha1_base64="Wrbs0DGQDBy53d3FTJKWJGFq+gM="></latexit>

→hµω(X(ω))↑ = = 0 [Cheung, Parra-Martinez, Rothstein, Shah, Wilson-Gerow; 240614770]

<latexit sha1_base64="Ewn7Pm1VA9wFJ50dwQBk+j4Y5VU="></latexit>m
<latexit sha1_base64="H7SWnhmb4HlrbFSYh0kwjUMa9gs="></latexit>

M

<latexit sha1_base64="zczPuX9C3CVBuJqU611muY1eA2E="></latexit>

m → M
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Efficient organisation of expansion!

[many people in this room!]

<latexit sha1_base64="DISzA/4dttxcLC4N+qcVWwfTGVI="></latexit>

S[Z, z, h] → Se! [z]



Response Theory



<latexit sha1_base64="IFGC2oped9yOGUr6Jw/tqZXDcRU="></latexit>

→zω(ω)↑ = + O

(m2

M2

)

Where does this come from?

Geodesics

2-pt response



Brief Reminder



Response theory in a nutshell

Black hole coupling to source

Effective action for environment

(secondary black hole)

<latexit sha1_base64="JXdn2jVtk7TKumvEc0mbHSr6+QY=">AAAB9HicbVDLSgMxFL3xWeur6tJNsAiuyoxIdVlx47JCXzAdSibNtKGZzJhkCmUo+BduXCji1o9x59+YabvQ1gMXDufcS05OkAiujeN8o7X1jc2t7cJOcXdv/+CwdHTc0nGqKGvSWMSqExDNBJesabgRrJMoRqJAsHYwusv99pgpzWPZMJOE+REZSB5ySoyV/LbXjYgZUiJww++Vyk7FmQGvEndByrBAvVf66vZjmkZMGiqI1p7rJMbPiDKcCjYtdlPNEkJHZMA8SyWJmPazWegpPrdKH4exsiMNnqm/LzISaT2JAruZR9TLXi7+53mpCW/8jMskNUzS+UNhKrCJcd4A7nPFqBETSwhV3GbFdEgUocb2VLQluMtfXiWty4pbrVQfrsq126d5HQU4hTO4ABeuoQb3UIcmUHiEZ3iFNzRGL+gdfcxX19CiwhP4A/T5A1sWkj8=</latexit>

W [T ]

<latexit sha1_base64="/klUGwJKRaQkd/WMjYbayGqHeUM="></latexit>

Z[T ] =

∫
D[h, Z] exp

[ i
⊋

(
SBH [X, g]→

∫
dDxhµω(x)T µω(x)

)]∣∣
tree

= exp
[ i
⊋W [T ]

]

<latexit sha1_base64="BoXBw1safUvTHiV9PvHRyZ9TQHs="></latexit>

T µω(x) =

∫
dω

m

2
ẏµ(ω)ẏω(ω)εD(x→ y(ω))

<latexit sha1_base64="saMEpY78AWIS/dP4p/CXqgSQ52w=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItIzY2AgJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGNxO/+YhK81jem1GCfkT7koecUWOl2l23UHRL7hRkmXhzUoQ5qt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/blkoaofaz6aFjcmqVHgljZUsaMlV/T2Q00noUBbYzomagF72J+J/XTk145WdcJqlByWaLwlQQE5PJ16THFTIjRpZQpri9lbABVZQZm03ehuAtvrxMGuclr1wq1y6KleunWRw5OIYTOAMPLqECt1CFOjBAeIZXeHMenBfn3fmYta448wiP4A+czx/OUo1b</latexit>

M

<latexit sha1_base64="S9L+ftS65Enrsms1UZ+04HTwzLs=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR4rXjxWcNtiu5Zsmm1Dk+ySZIWyFPwHXjwo4tUf5M1/Y7rtQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKR9dTv/VIlWaxvDPjhAYCDySLGMHGSv79Q1ekvXLFrbo50DLx5qQCczR65a9uPyapoNIQjrXueG5iggwrwwink1I31TTBZIQHtGOpxILqIMuPnaATq/RRFCtb0qBc/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUElmi6KUIxOj6eeozxQlho8twUQxeysiQ6wwMTafkg3BW3x5mTTPql6tWrs9r9SvnmZxFOEIjuEUPLiAOtxAA3wgwOAZXuHNkc6L8+58zFoLzjzCQ/gD5/MH6eaPLA==</latexit>

Zµ

55

<latexit sha1_base64="ed7gfNYgfxNDm7vuN2eUv/cQdpE="></latexit>

T µω
<latexit sha1_base64="E13/hp93Tvqk2tY/+9YpgHp64Iw=">AAACHHicbVDLSgMxFM3UV62vUZduokWooGVGpbqs6MJlhb6gMy2ZNLWhmcyQZKRlKPgbbvwVNy4UceNC8G/MtF3U1gOBwzk33HOPFzIqlWX9GKmFxaXllfRqZm19Y3PL3N6pyiASmFRwwAJR95AkjHJSUVQxUg8FQb7HSM3rXSd+7YEISQNeVoOQuD6657RDMVJaaplnJw7lCjr7sN286UPnuNuKHT9yeDTM9Y8cH6kuRgyWm1Nqy8xaeWsEOE/sCcmCCUot88tpBzjyCVeYISkbthUqN0ZCUczIMONEkoQI99A9aWjKkU+kG4+OG8JDrbRhJxD66aQjdfpHjHwpB76nJ5O0ctZLxP+8RqQ6l25MeRgpwvF4USdiUAUwaQq2qSBYsYEmCAuqs0LcRQJhpfvM6BLs2ZPnSfU0bxfyhbvzbPHqcVxHGuyBA5ADNrgARXALSqACMHgCL+ANvBvPxqvxYXyOR1PGpMJd8AfG9y8R7qE1</latexit>

→
∫

dDxhµω(x)T µω(x)

<latexit sha1_base64="ed7gfNYgfxNDm7vuN2eUv/cQdpE="></latexit>

T µω

<latexit sha1_base64="Qw9TR9gx9jw7EBRc4xSh8bj/o0U=">AAACJHicbVDLSgMxFM3UV62vqks3wSK4qGVGpAoiVEXoRqjYF7RDyaRpG5p5kNwRy1DwV9z4K25c+MCFG7/F9AXaeiBwcs69JOc4geAKTPPLiM3NLywuxZcTK6tr6xvJza2y8kNJWYn6wpdVhygmuMdKwEGwaiAZcR3BKk73cuBX7phU3PeK0AuY7ZK2x1ucEtBSI3l626gDu4foIt+vVdPtdN0l0KFE4KJ9lpiYV9ps2weT6/Vw1G4kU2bGHALPEmtMUmiMQiP5Xm/6NHSZB1QQpWqWGYAdEQmcCtZP1EPFAkK7pM1qmnrEZcqOhiH7eE8rTdzypT4e4KH6eyMirlI919GTgwhq2huI/3m1EFondsS9IATm0dFDrVBg8PGgMdzkklEQPU0IlVz/FdMOkYSC7jWhS7CmI8+S8mHGymayN0ep3PnDqI442kG7aB9Z6BjlUB4VUAlR9Iie0St6M56MF+PD+ByNxoxxhdvoD4zvHzH5pPc=</latexit>

SBH[X, g, T ] = SEH[g]→ SM[X, g]
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<latexit sha1_base64="8blU+Z2XtsGYGL1GlgGBmNcQXFQ="></latexit>

Rω0ε0ω1ε1...ωnεn(k0, k1 . . . kn) → ω

ωT (→)
0

ω

ωT (+)
1

ω

ωT (+)
2

ω

ωT (+)
n

iW [T ]

∣∣∣∣
T =0

= h1

h2

hn

h0

Response functions
<latexit sha1_base64="saMEpY78AWIS/dP4p/CXqgSQ52w=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItIzY2AgJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGNxO/+YhK81jem1GCfkT7koecUWOl2l23UHRL7hRkmXhzUoQ5qt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/blkoaofaz6aFjcmqVHgljZUsaMlV/T2Q00noUBbYzomagF72J+J/XTk145WdcJqlByWaLwlQQE5PJ16THFTIjRpZQpri9lbABVZQZm03ehuAtvrxMGuclr1wq1y6KleunWRw5OIYTOAMPLqECt1CFOjBAeIZXeHMenBfn3fmYta448wiP4A+czx/OUo1b</latexit>

M

<latexit sha1_base64="S9L+ftS65Enrsms1UZ+04HTwzLs=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR4rXjxWcNtiu5Zsmm1Dk+ySZIWyFPwHXjwo4tUf5M1/Y7rtQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKR9dTv/VIlWaxvDPjhAYCDySLGMHGSv79Q1ekvXLFrbo50DLx5qQCczR65a9uPyapoNIQjrXueG5iggwrwwink1I31TTBZIQHtGOpxILqIMuPnaATq/RRFCtb0qBc/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUElmi6KUIxOj6eeozxQlho8twUQxeysiQ6wwMTafkg3BW3x5mTTPql6tWrs9r9SvnmZxFOEIjuEUPLiAOtxAA3wgwOAZXuHNkc6L8+58zFoLzjzCQ/gD5/MH6eaPLA==</latexit>

Zµ

<latexit sha1_base64="FVR5sn4PIx4zS0d53OyO2cicIPk="></latexit>

R

55

<latexit sha1_base64="ed7gfNYgfxNDm7vuN2eUv/cQdpE="></latexit>

T µω

<latexit sha1_base64="n5D0sgSWriaoj5ypNesmZA+da5E="></latexit>

iW [T ] =

∫

k1

T ωε(k1)Rωε(k1) +
1

2

∫

k1,k2

T ωε(k1)T µϑ(k2)Rωεµϑ(k1, k2)

+
1

3!

∫

k1,k2,k3

T ωε(k1)T µϑ(k2)T ϖϱ(k3)Rωεµϑϖϱ(k1, k2, k3) + . . .

n incoming gravitons
one outgoing graviton

correlation functions<latexit sha1_base64="cRkucSz4izW16+tzHaURP1zI9KI="></latexit>

= (→i)n↑h0h1...hn↓|con.
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Response functions
<latexit sha1_base64="saMEpY78AWIS/dP4p/CXqgSQ52w=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItIzY2AgJmA9IjrC3mUvW7O0du3tCOAL2NhaK2PqT7Pw3bj4KTXww8Hhvhpl5QSK4Nq777aysrq1vbOa28ts7u3v7hYPDho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGNxO/+YhK81jem1GCfkT7koecUWOl2l23UHRL7hRkmXhzUoQ5qt3CV6cXszRCaZigWrc9NzF+RpXhTOA430k1JpQNaR/blkoaofaz6aFjcmqVHgljZUsaMlV/T2Q00noUBbYzomagF72J+J/XTk145WdcJqlByWaLwlQQE5PJ16THFTIjRpZQpri9lbABVZQZm03ehuAtvrxMGuclr1wq1y6KleunWRw5OIYTOAMPLqECt1CFOjBAeIZXeHMenBfn3fmYta448wiP4A+czx/OUo1b</latexit>

M

<latexit sha1_base64="S9L+ftS65Enrsms1UZ+04HTwzLs=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR4rXjxWcNtiu5Zsmm1Dk+ySZIWyFPwHXjwo4tUf5M1/Y7rtQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NRxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKR9dTv/VIlWaxvDPjhAYCDySLGMHGSv79Q1ekvXLFrbo50DLx5qQCczR65a9uPyapoNIQjrXueG5iggwrwwink1I31TTBZIQHtGOpxILqIMuPnaATq/RRFCtb0qBc/T2RYaH1WIS2U2Az1IveVPzP66QmugwyJpPUUElmi6KUIxOj6eeozxQlho8twUQxeysiQ6wwMTafkg3BW3x5mTTPql6tWrs9r9SvnmZxFOEIjuEUPLiAOtxAA3wgwOAZXuHNkc6L8+58zFoLzjzCQ/gD5/MH6eaPLA==</latexit>

Zµ

<latexit sha1_base64="FVR5sn4PIx4zS0d53OyO2cicIPk="></latexit>

R

secondary 
worldline

<latexit sha1_base64="uGBBpOxJ5aJ0vxXe/vNLnKQ9QTU="></latexit>

T µω(k) =

hµω(k)

55

<latexit sha1_base64="ed7gfNYgfxNDm7vuN2eUv/cQdpE="></latexit>

T µω

<latexit sha1_base64="KedCy0fFxV+vAaNlCcuZsEAD7Hc="></latexit>

Rω0ε0ω1ε1...ωnεn(k0, k1 . . . kn) = h1

h2

hn

h0

<latexit sha1_base64="n5D0sgSWriaoj5ypNesmZA+da5E="></latexit>

iW [T ] =

∫

k1

T ωε(k1)Rωε(k1) +
1

2

∫

k1,k2

T ωε(k1)T µϑ(k2)Rωεµϑ(k1, k2)

+
1

3!

∫

k1,k2,k3

T ωε(k1)T µϑ(k2)T ϖϱ(k3)Rωεµϑϖϱ(k1, k2, k3) + . . .
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“Compton”metric

<latexit sha1_base64="WTwgsEje9Kq8GZUyp5l86jyfKEA="></latexit>

→hµω↑
<latexit sha1_base64="f7G6Ych3+yi5Q9Qt3YxTVk/B/V4="></latexit>

→hµωhεϑ↑|con.

<latexit sha1_base64="Op2MN+U9hOddYMKXVijUQ4DPN6k="></latexit>

W [T ] = +
1

2
+

1

3!
+ . . .

<latexit sha1_base64="3v5CqT5AiaHBEva4i4GrFbwjCYo="></latexit>

i



Self-force from responses



Self force expansion - action

<latexit sha1_base64="6X9En3THkTRoCgPh4wFwaa8EEko="></latexit>

<latexit sha1_base64="wqePfY8e9HHCL+eFKo1GOtV4AZo="></latexit>

xµ<latexit sha1_base64="Ewn7Pm1VA9wFJ50dwQBk+j4Y5VU="></latexit>m

<latexit sha1_base64="BXFuFcCSRGULMhQe8N9tdpz4Nnc="></latexit>

xµ(ω) = x̄µ(ω) + zµ(ω)

<latexit sha1_base64="DFsorSldKkQljzz61owAzaF/xEY="></latexit>=

<latexit sha1_base64="mRkTU9eYIitDoPGu/+Zt6FPcbuU="></latexit>

Skin[z ] = →
∫
dω

m

2
εµω ẋ

µẋω

<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+ <latexit sha1_base64="dVv8PlqgDJMDOFdcd3tbAD8Ti1M="></latexit>. . .

<latexit sha1_base64="xW7hvD5fGUWfPJh7B2uO+qU53JU="></latexit>

+
1

2
+

1

3!
+ . . .

<latexit sha1_base64="tfNLrX8/KqSxSZUnCYX4VnoWFMM="></latexit>

iSBHR[z ] = iSkin[z ] + iW [T µω
sec

]
<latexit sha1_base64="OW0nAsRm7C4ai6k5prodRzsBIdQ="></latexit>

iSkin[z ]
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BH response action

Expand around 0SF trajectory

<latexit sha1_base64="kVTTTsDt5FHrrfceBzQLivcUHBU=">AAAChHicbVFdaxNBFJ1dtdb40aiPvlwMYgo17FatgigVffCxQtMWskm4O5lth87MLjN3JGEJ+D/8V775b5zNhra2Xhg4nHPmztxz80pJR0nyJ4pv3b6zcXfzXuf+g4ePtrqPnxy50lsuhrxUpT3J0QkljRiSJCVOKitQ50oc5+dfGv34h7BOluaQFpUYazw1spAcKVDT7q9MI51xVHA4qTPtM+OX/fl2B+Bj51KarqDVtRN8ec X3Yd7PCP126wfIpCGYNVTAO5AVFjnoXchmJcF8Eu61/gvCXBJCEU6+9uevLnpOu71kkKwKboJ0DXpsXQfT7u/Ql3stDHGFzo3SpKJxjZYkV2LZybwTFfJzPBWjAA1q4cb1KsQlvAjMDIrShhOmWLFXb9SonVvoPDibMNx1rSH/p408Fe/HtTSVJ2F4+1DhFVAJzUZgJq3gpBYBILcy/BX4GYbkKOytCSG9PvJNcLQ7SPcGe9/f9PY//2zj2GTP2HPWZyl7x/bZN3bAhoxHUfQySqI03oh34tfx29YaR+sIn7J/Kv70F+isvj8=</latexit>

T µω(x) = T µω
sec (x;x(ω)) =

∫
dω

m

2
ẋµ(ω)ẋω(ω)εD(x→ x(ω))

Point particle source



Self force expansion - Feynman rules
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<latexit sha1_base64="b90kQitxW6RAQzvo3YgMo8NtGY8="></latexit>

→zµ(ω1) z
ω(ω2)↑ =

µ ε
=

[
ϑ2S0SF

BHR

ϑzµ(ω1)ϑzµ(ω2)

∣∣∣∣
x=x̄

]→1
<latexit sha1_base64="2QN1g3v6dqY2pm/hGydPUTJW8TQ="></latexit>

=

[
ω2S0SF

BHR

ωzµ(ε1)ωzµ(ε2)

∣∣∣∣
x=x̄

]→1

Propagator

<latexit sha1_base64="DFsorSldKkQljzz61owAzaF/xEY="></latexit>=
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+

<latexit sha1_base64="xW7hvD5fGUWfPJh7B2uO+qU53JU="></latexit>

+
1

2
+

1

3!
+ . . .

<latexit sha1_base64="Uar9KPKsUQ5YU50QzCg7oE62O+0="></latexit>

iSBHR[z ]
<latexit sha1_base64="OW0nAsRm7C4ai6k5prodRzsBIdQ="></latexit>

iSkin[z ]
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Vertices

<latexit sha1_base64="Opsxujklqw+qmBPalxdsshqleYo="></latexit>

T µω(k) =

hµω(k)

<latexit sha1_base64="KGGntF0yjvnlYbZqUCSRNKB0UtU="></latexit>

ωnT µω(k)

[ωx(ε)]n
∣∣
xµ=x̄µ =

hµω(k)

zε2(ε2)

zε1(ε1)

zεn(εn)

Evaluated @ 0SF trajectory x̄μ(ω)

etc…
<latexit sha1_base64="nwrHi5dWfCWnEZIYNEjM1VoUFTo="></latexit>

V [z2] → ωiW [T ]

ωxµ(ε)ωxω(ε→)

∣∣∣∣
x=x̄

Self force expansion - Feynman rules

<latexit sha1_base64="0hdAFoqcMgc24kxAOuYxwE2rkOc="></latexit>

V [z ] → ωiW [T ]

ωxµ(ε)

∣∣∣∣
x=x̄

=

∫

k

ωiW [T ]

ωT ωε(k;x)

ωT ωε(k;x)

ωxµ(ε)

∣∣∣∣
x=x̄

<latexit sha1_base64="DFsorSldKkQljzz61owAzaF/xEY="></latexit>=
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+

<latexit sha1_base64="xW7hvD5fGUWfPJh7B2uO+qU53JU="></latexit>

+
1

2
+

1

3!
+ . . .

<latexit sha1_base64="Uar9KPKsUQ5YU50QzCg7oE62O+0="></latexit>

iSBHR[z ]
<latexit sha1_base64="OW0nAsRm7C4ai6k5prodRzsBIdQ="></latexit>

iSkin[z ]

<latexit sha1_base64="I6EDQtDvHBz5sOpe+6KHmiWpUHk="></latexit>

= + +
1

2
+ · · ·



Self force diagrams
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1SF 2SF

2SF

𝒪(m) 𝒪(1/m)

<latexit sha1_base64="3by5vgawFYU/18aZ5yGGUFVGjKg="></latexit>

→zω(ω)↑ =
↓iεωε

mω2

ϑiW [Tsec.]

ϑzε(ω)

∣∣∣∣
x=xSF

= +
1

2
+

+ +
1

2
+ O

(m3

M3

)

Need 0SF!



Self force diagrams
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1SF 2SF

<latexit sha1_base64="TfB0o0z3hPtJTUZP/gSTmTfLNy4="></latexit>

→i↑hµω(k)↓ =
ωiW [T ]

ωT

∣∣∣∣
T =Tsec.

= +
1

2
+ + O

(m3

M3

)<latexit sha1_base64="/rHKSpxeMDgoYhVvDguZz+nODvI="></latexit>

O

(
m3

M3

)



Self-force on shockwave



The shockwave

Jitze Hoogeveen, Humboldt Universität zu Berlin 16/31

Simplicity of shockwave
‣                     cancellations 
‣  Localisation on shockwave

<latexit sha1_base64="JCYogEKau2l6UqZy1+3MHN4cKeg="></latexit>

P 2 = 0 →

<latexit sha1_base64="dtRUCcceBRT0ZgaHh0ygfCiENiU="></latexit>

M

massless
<latexit sha1_base64="slhJ5JpDaSkhOLG+Qmay6HehJ9g="></latexit>

V µ → Pµ/E

<latexit sha1_base64="hkqFeITk8EQfWTLsxWG3ywLzReY="></latexit>

P 2 = 0

<latexit sha1_base64="Sbqu6xdC5l8xC/PN9mF/YXa8Pd4="></latexit>

Pµ<latexit sha1_base64="aTbjwBT+B09LY9WVjUPT0VIBJSs="></latexit>

V µ

<latexit sha1_base64="pVKq3qF+IJZgDG9rJUBsEUxwQlQ="></latexit>m <latexit sha1_base64="pVKq3qF+IJZgDG9rJUBsEUxwQlQ="></latexit>m

<latexit sha1_base64="3WNKCGYzIY8szUsaONp1yIBSvKs="></latexit>

m/E → 1SF: SF: 
<latexit sha1_base64="qsYcOiNZFnuewkva6rw81w7ExMQ="></latexit>

m/M → 1

Finite-width UV regulator

<latexit sha1_base64="s2giD49GjMlbjQYZVYJ3UL1qg3o="></latexit>

! → ↑ recovers single shockwave limit

‣  

‣  

<latexit sha1_base64="RApCsL/fRepRq3l7AmPYWuLFJcI="></latexit>

1/! [Steinbauer; 1997]
<latexit sha1_base64="+8+wLsgLP/Os8nzXL+IzLPzagrU="></latexit>

ω(P · x) → ε!(P · x) = !/2 exp(↑!|ϑ|)

[Aichelburg, Sexl; 1971]

<latexit sha1_base64="nX3h1CNUwzANjPBJyDmmIxRXn2I="></latexit>

gµω(x) = ωµω + 4Gf(x2
→)ε(P · x)PµPω

<latexit sha1_base64="Tm4wwoa6HitlqMcZ0Ccp//qHeKo="></latexit>

f(x2
→) = →!(→ω)

(
x2
→

4eωEL2

)ε



0SF dynamics

<latexit sha1_base64="IFGC2oped9yOGUr6Jw/tqZXDcRU="></latexit>

→zω(ω)↑ = + O

(m2

M2

)



0SF - geodesics on shockwave
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<latexit sha1_base64="ujdXbysWstYEe1aeaJiPfyCI6X0="></latexit>

x̄µ = bµ + vµω + z̄µ
PM expansion<latexit sha1_base64="pVKq3qF+IJZgDG9rJUBsEUxwQlQ="></latexit>m

<latexit sha1_base64="itp5ZKI7ryR8eKEhoF1WOYQREgM="></latexit>

+
→∑

n=1

<latexit sha1_base64="bTrocjW/zi/qzPr1DZ9ZrzYYtfg="></latexit>

<latexit sha1_base64="DFsorSldKkQljzz61owAzaF/xEY="></latexit>=
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+
<latexit sha1_base64="D0b9cnhshMbaxVh9tC3676/nBNc="></latexit>

+

<latexit sha1_base64="xW7hvD5fGUWfPJh7B2uO+qU53JU="></latexit>

+
1

2
+

1

3!
+ . . .

<latexit sha1_base64="Uar9KPKsUQ5YU50QzCg7oE62O+0="></latexit>

iSBHR[z ]
<latexit sha1_base64="OW0nAsRm7C4ai6k5prodRzsBIdQ="></latexit>

iSkin[z ]

<latexit sha1_base64="5z4wdB0DEnpnHxSTT/IPUnMSt/A="></latexit>→m

<latexit sha1_base64="uAlUtkrXqhDYg92oeia2wj0A+FE="></latexit>

i

<latexit sha1_base64="uq7qe4MljYmxg96mi7aDn5/XMow="></latexit>

iS0SF[x̄] = →i
m

2

∫
dω ḡµω ˙̄x

µ ˙̄xω = Skin + Sint

<latexit sha1_base64="HzjUJnxqY3iFOJZB+OjHMQnJi0A="></latexit>

z̄µ(ω)

<latexit sha1_base64="6OPwS+9TsEOKSiRQHhLl4NIXCuI="></latexit>

→z̈µ(ω)↑ = εµω
ϑSint[x]

ϑxω(ω)
=

zµ(ω)

<latexit sha1_base64="Sbqu6xdC5l8xC/PN9mF/YXa8Pd4="></latexit>

Pµ

<latexit sha1_base64="HaLsFVr6BwLcXU4iburiPd+vA80="></latexit>

Skin[x̄]

<latexit sha1_base64="nX3h1CNUwzANjPBJyDmmIxRXn2I="></latexit>

gµω(x) = ωµω + 4Gf(x2
→)ε(P · x)PµPω

<latexit sha1_base64="Tm4wwoa6HitlqMcZ0Ccp//qHeKo="></latexit>

f(x2
→) = →!(→ω)

(
x2
→

4eωEL2

)ε



Trajectory truncates at 2PM
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[JH, Jakobsen, Plefka; 2506.14626]

Berends-Giele recursion

<latexit sha1_base64="YJjkq4gz/qVRqQwetYD1zOM9Pm4="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

7PM @  in Kerr𝒪(s4)
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Berends-Giele recursion

Position space PM diagrammatics [JH, Jakobsen, Plefka; 2506.14626]

<latexit sha1_base64="dcLvi/YKZgROG6zApEiF/2piF68="></latexit>

zµ(ω1) zµ(ω2)
=

iεµω

m
(ω2 → ω1)ϑ(ω2 → ω1)

<latexit sha1_base64="XzZqbmrSXmL/rtv7fIbXynC/n28="></latexit>

Pµ

<latexit sha1_base64="YQiahDufUo+BSH3usxzL0yWKrJs="></latexit>

xµ =
1

2E

(
x→P̄µ + x+Pµ

)
+ xµ

↑

<latexit sha1_base64="I9L7JuCh9o47iiLnCrivod9YVpA="></latexit>

ωµω =




0 1 0
1 0 0
0 0 1





<latexit sha1_base64="epBbGDNO/JHvVNvMvJephRyi7D0="></latexit>

...

zω1(ω1)

zω2(ω2)

zωn(ωn)

=
iεnSint[x]

εxω
1(ω1) · · · εx

ω
n(ωn)

∣∣∣∣
xµ=bµ+vµε

<latexit sha1_base64="YJjkq4gz/qVRqQwetYD1zOM9Pm4="></latexit>

zµ(ω)

= + +
1

2
+ · · ·
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Obtaining shockwave geodesics

<latexit sha1_base64="94e7iuL2h+4mzlk/Bj5jaTiHkuQ="></latexit>

<latexit sha1_base64="BSb1rZaL+TEKE4aV76H5hfRPpS8="></latexit>

ωµω =




0 1 0
1 0 0
0 0 1





<latexit sha1_base64="x/ARCOXtqCdPVpoDYQH2qbKugoI="></latexit>

z̈→(ω) = → 1

m
ε→+ ϑSint[x]

ϑx+
= 0

<latexit sha1_base64="YJjkq4gz/qVRqQwetYD1zOM9Pm4="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="oKduS1EIwKeK7z14pLUA/dYq9GQ="></latexit>

→ ωSint[x]

ωx+
(ε2 ↑ ε1)ϑ(ε2 ↑ ε1)

ωSint[x]

ωx→ = 0

or
<latexit sha1_base64="+hJsZ+HHHSde0Fb6O1Fsqxi9x7o="></latexit>

z+
<latexit sha1_base64="qFqUDYs6ioBnbYkqHvPjrneCVpg="></latexit>

z→

<latexit sha1_base64="XzZqbmrSXmL/rtv7fIbXynC/n28="></latexit>

Pµ

<latexit sha1_base64="zfKBQt1CooOyRmJEjH6POEV0nkg="></latexit>

xµ =
1

2E

(
x→P̄µ + x+Pµ

)
+ xµ

↑

Structure from Berends-Giele

<latexit sha1_base64="g+25S7fqMwUPrvEkKEwcwawNBlo="></latexit>

S0SF
int [x] = →m

2

∫
dω h̄µω ẋ

µẋω = →m

2

∫
dω 4Gε(P · x)f(x→)(ẋ

↑)2



<latexit sha1_base64="YJjkq4gz/qVRqQwetYD1zOM9Pm4="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

Jitze Hoogeveen, Humboldt Universität zu Berlin 22/31

Obtaining shockwave geodesics

<latexit sha1_base64="XzZqbmrSXmL/rtv7fIbXynC/n28="></latexit>

Pµ

<latexit sha1_base64="zfKBQt1CooOyRmJEjH6POEV0nkg="></latexit>

xµ =
1

2E

(
x→P̄µ + x+Pµ

)
+ xµ

↑
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Obtaining shockwave geodesics
<latexit sha1_base64="YJjkq4gz/qVRqQwetYD1zOM9Pm4="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

External component

<latexit sha1_base64="94e7iuL2h+4mzlk/Bj5jaTiHkuQ="></latexit>

only

<latexit sha1_base64="kiRkAvU5S1G2gUdI8wixTNxnkaI="></latexit>

=
ωiSint

ωx→

∣∣∣∣
xµ=bµ+vµω

<latexit sha1_base64="VfIlrQmfKeGUGGuCDW4Qe53VNUc="></latexit>

zµ→

<latexit sha1_base64="VfIlrQmfKeGUGGuCDW4Qe53VNUc="></latexit>

zµ→

<latexit sha1_base64="zj8MbirERZCPrU8x5my/XY6tf2o="></latexit>

z→(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="VfIlrQmfKeGUGGuCDW4Qe53VNUc="></latexit>

zµ→

<latexit sha1_base64="XzZqbmrSXmL/rtv7fIbXynC/n28="></latexit>

Pµ

<latexit sha1_base64="zfKBQt1CooOyRmJEjH6POEV0nkg="></latexit>

xµ =
1

2E

(
x→P̄µ + x+Pµ

)
+ xµ

↑

propagator

vertexvertex

<latexit sha1_base64="jMtN/IgpH7jXqBtn3XPfbz/h/Rk="></latexit>

→
∫ →

↑→
dω1dω2 ε(ω1 ↑ ω0)(ω2 ↑ ω1)ϑ(ω2 ↑ ω1)ε(ω2 ↑ ω0) = 0



Jitze Hoogeveen, Humboldt Universität zu Berlin 24/31

Obtaining shockwave geodesics

External component

taylor expansion only in 

<latexit sha1_base64="3bBlpuPkdjJKbcA1oT2oGKQ9C44="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="YJjkq4gz/qVRqQwetYD1zOM9Pm4="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="87EWzaSjlokIKJ/z1LtYJaUfUlo="></latexit>

z+(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="+hJsZ+HHHSde0Fb6O1Fsqxi9x7o="></latexit>

z+

<latexit sha1_base64="VfIlrQmfKeGUGGuCDW4Qe53VNUc="></latexit>

zµ→

<latexit sha1_base64="gPC9jdQV5OQkP5j6SCK0VGNDBhU="></latexit>

=
ωiSint

ωz→

∣∣∣∣
z→=0, z+=0, zµ

↑=1PM<latexit sha1_base64="+hJsZ+HHHSde0Fb6O1Fsqxi9x7o="></latexit>

z+

<latexit sha1_base64="XzZqbmrSXmL/rtv7fIbXynC/n28="></latexit>

Pµ

<latexit sha1_base64="zfKBQt1CooOyRmJEjH6POEV0nkg="></latexit>

xµ =
1

2E

(
x→P̄µ + x+Pµ

)
+ xµ

↑

[JH, Jakobsen, Plefka; 2506.14626]



Jitze Hoogeveen, Humboldt Universität zu Berlin 25/31

Geodesics summary
<latexit sha1_base64="7bt66vEUlVetGswYdcX64SMycG8="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="87EWzaSjlokIKJ/z1LtYJaUfUlo="></latexit>

z+(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="3bBlpuPkdjJKbcA1oT2oGKQ9C44="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="87EWzaSjlokIKJ/z1LtYJaUfUlo="></latexit>

z+(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="3bBlpuPkdjJKbcA1oT2oGKQ9C44="></latexit>

zµ(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="87EWzaSjlokIKJ/z1LtYJaUfUlo="></latexit>

z+(ω)

= + +
1

2
+ · · ·

<latexit sha1_base64="BuWMHCtToK8jxmBJWCbYcC2KLBM="></latexit>

= 0

2PM truncation

<latexit sha1_base64="b+2nrIvm1nRFoX2hncNSnjWmYvA="></latexit>

zµ→(ω)

<latexit sha1_base64="uvISSBoDkM2bHy/J+1dfgGFvU6Q="></latexit>

z+(ω)

<latexit sha1_base64="VLJcz8/8+t9fvWpiE6qd7zc210k="></latexit>

z→(ω)

<latexit sha1_base64="XzZqbmrSXmL/rtv7fIbXynC/n28="></latexit>

Pµ

<latexit sha1_base64="zfKBQt1CooOyRmJEjH6POEV0nkg="></latexit>

xµ =
1

2E

(
x→P̄µ + x+Pµ

)
+ xµ

↑



Geodesics summary
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Focusing lens for null geodesics
[Ferrari, Pendenza, Veneziano; 1988]

b⊥

xf

<latexit sha1_base64="whEX4KzLIEBIBaLu71q+oJZ1rKI="></latexit>

xf =
1

2

(
f(b2

→) + 2b/f ↑(b2
→) + bf ↑(b2

→)
)

<latexit sha1_base64="s6pqBQOcydTwcNmS+4tqJHIDaVA="></latexit>

vµ→ = vµ +!vµ = vµ → 4GEωf(b2
↑)

|b↑|2
(
bµ
↑ → 2Gωf(b2

↑)P
µ
)

<latexit sha1_base64="pjdML2AIUFyJAq3Te3hX/tD/5jU="></latexit>

bµ→ = bµ + vµω0 +!bµ = bµ + vµω0 → 2GPµf(b2
↑)

<latexit sha1_base64="CNg5PCC9pqUKZIUGyw9hckmpUJ0="></latexit>

x̄µ(ω) = (vµω + b)ε(ω0 → ω) +
(
vµ→(ω → ω0) + bµ→

)
ε(ω → ω0)

Interpretation
[Dray, 't Hooft; 1985]   [Steinbauer; 1998]

2 copies of  (Penrose junction)ημν [Penrose; 1972]   [Kunzinger, Steinbauer; 1999]

<latexit sha1_base64="zaSAXzE6bGCY1tBEfaqHb5u9fT8="></latexit>

bµ→ → 1

ω
+ log

(
x2

L̃

)
↑ log

(
x2

L̃↑

)

<latexit sha1_base64="XzZqbmrSXmL/rtv7fIbXynC/n28="></latexit>

Pµ

<latexit sha1_base64="pVKq3qF+IJZgDG9rJUBsEUxwQlQ="></latexit>m

defl. toward BH

1PM discont. kick



0SF - resummed vertices
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<latexit sha1_base64="RIQRBZAwFnJTfhnNtlzUuSATcVk="></latexit>

hµω(k)
<latexit sha1_base64="dwFWZayG5ckwey/vYU4UDy85KoE="></latexit>

→ mωD

2
eik·(vω0+b)

(
vµvε

v · k → i0
→ eik·!b̄vµ→vε→

v→ · k + i0

)

→ imωDeik·x̄(ω0)
(
v(µ!b̄ε) + ε(0)!v̄(µ!b̄ε)

)

<latexit sha1_base64="wHlbXnAQigJpzyYJB8Bf26j0Z8I="></latexit>=<latexit sha1_base64="wHlbXnAQigJpzyYJB8Bf26j0Z8I="></latexit>=
<latexit sha1_base64="iRdl+9PVPSUHeTpjwCDZnU+F17I=">AAACG3icbZDLSgMxFIYzXmu9jbp0EyxC3ZSZIlUQpeDGZYXeoFOHTJq2oUlmSDLSMs57uPFV3LhQxJXgwrcxvSy09YfAx3/OIef8QcSo0o7zbS0tr6yurWc2sptb2zu79t5+XYWxxKSGQxbKZoAUYVSQmqaakWYkCeIBI41gcD2uN+6JVDQUVT2KSJujnqBdipE2lm8XPY50HyMGq/4EJU8UwYX0LvF47Ik4zQ8uhicPfjK89AIk4TD17ZxTcCaCi+DOIAdmqvj2p9cJccyJ0JghpVquE+l2gqSmmJE068WKRAgPUI+0DArEiWonk9tSeGycDuyG0jyh4cT9PZEgrtSIB6ZzvL6ar43N/2qtWHfP2wkVUayJwNOPujGDOoTjoGCHSoI1GxlAWFKzK8R9JBHWJs6sCcGdP3kR6sWCWyqUbk9z5atZHBlwCI5AHrjgDJTBDaiAGsDgETyDV/BmPVkv1rv1MW1dsmYzB+CPrK8f0/ah6A==</latexit>

T µω
sec.(k;x)|x=x̄

<latexit sha1_base64="ZrcLBD9l7QkTWLmoEt7QgcEtfBs="></latexit>

hµω(k)

zε(ω)

<latexit sha1_base64="XGN48MSbNW60avzpDVSFazS+hBg="></latexit>

→ imωD

2
eik·(vω0+b)

[
2ε

(
v(µϑε)ϑ

v · k + ε → i0
→ eik·!b̄v(µ→ϑε)ϑ

v→ · k + ε + i0

)

+ kϑ

(
vµvε

v · k + ε → i0
→ eik·!b̄vµ→vε→

v→ · k + ε + i0

)]

→mωDeik·x̄(ω0)+iϖω0
(
ε!b̄(µϑε)ϑ + kϑv

(µ!b̄ε) + ϖ(0)kϑ!v̄(µ!b̄ε)
)

<latexit sha1_base64="wHlbXnAQigJpzyYJB8Bf26j0Z8I="></latexit>=
<latexit sha1_base64="wHlbXnAQigJpzyYJB8Bf26j0Z8I="></latexit>=

<latexit sha1_base64="EAbp67iub82M0mrZnTW9D7W0Dvo="></latexit>

ωT µω
sec.(k;x)

ωxε

∣∣∣∣
x=x̄

<latexit sha1_base64="rlpfqWjntf2mmIt8+DgBw+GeF/g="></latexit>

eik·biω→(k · v + !)

{
vµvω

vµ

}
→

∫
dε eik·x̄(ε)+i!ε

{
˙̄xµ(ε) ˙̄xω(ε)

˙̄xµ(ε)

}

relation to flat-space 

<latexit sha1_base64="+1dqszL3oOgqwacsXMuXnccAzGk="></latexit>

→zω(ω)↑ = + · · ·

eval @ 0SF

[Steinbauer; 1998]

< kick

> kick

= kick

<latexit sha1_base64="mod0ZmldWMEsDHtzEtod+llqZmU="></latexit>

ω(0) = 1/2



Towards 1SF



Towards 1SF
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2-pt response

Geodesics
<latexit sha1_base64="sLZMPkvO5y5P4JI6UofwHgPQueo="></latexit>

Rµωεϑ(k1, k2) → [! ·!]µωεϑ
∫

dD→2x↑ e→iq→·x→
[
e→2iG(P ·k1)f(x→) ↑ 1

]

k1 ∼ k2 ∼ Λ0

1/Λ

appropriate on-shell

Caveat: Method of regions

‣Off-shell:  

‣ 1SF Waveform: No additional regions!
k1 ∼ Λa, k2 ∼ Λb
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→i↑hµω(k)↓ = + O

(m2
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)
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1
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+
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2-pt response

Geodesics
<latexit sha1_base64="sLZMPkvO5y5P4JI6UofwHgPQueo="></latexit>

Rµωεϑ(k1, k2) → [! ·!]µωεϑ
∫

dD→2x↑ e→iq→·x→
[
e→2iG(P ·k1)f(x→) ↑ 1

]

1/Λ<latexit sha1_base64="1r9fy+SLsnhsn61kqS23v87iw88="></latexit>

→zω(ω)↑ = + O

(m2

E2

)

Resummation pending!
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→i↑hµω(k)↓ = + O

(m2

E2

)



Summary

Jitze Hoogeveen, Humboldt Universität zu Berlin 30/31

‣Response Theory efficient EFT for Self-Force 

 - 1SF = 2-pt response coupled to geodesics 

‣Shockwave 

- 2-pt response exponentiates @ all PM orders 
- Geodesics truncate at 2PM 

‣1SF observables on the way!
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