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Motivation

Cosmic Explorer
Horizon Study

2109.09882

Quest for precision



Motivation
Learn about field theory

Waveform  cross-section

IR / long distance properties?

≠

Fruitful dialogue
<latexit sha1_base64="qH67e6monEw8ZIPZ2KDK79Mc77E="></latexit>

Thibault’s talk



Outline
1. Waveforms

2. Large gauge transformations and “frames”

3. Single particle states

4. Supertranslations

5. Discussion



Waveforms
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waveform(t) =

Waveforms

Classical point particle approximation (corrections at order )G7

Cristofoli, Gonzo, Kosower & DOC
Kosower, Maybee & DOC “KMOC”

<latexit sha1_base64="gNV/YMVwJFINMX6gwt/jizgIX80="></latexit>

h(t) =
1

distance

Z
+ · · ·

5 point amplitude

Fei’s talk
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waveform(t) =

Waveforms

Classical point particle approximation (corrections at order )G7

Cristofoli, Gonzo, Kosower & DOC
Kosower, Maybee & DOC “KMOC”
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h(t) =
1

distance

Z
+ · · ·

5 point amplitude

Useful: transfer precision information to bound case

Fei’s talk



Waveforms
Waveform: measuring metric change gμν − ημν = hμν

QFT: observable is expectation of operator

<latexit sha1_base64="/Y2q4jdemYI93gSYFmIGySiARJU="></latexit>

hµω(x) = →ω| µω(x)|ω↑

Graviton quantum field



Waveforms
Waveform: measuring metric change gμν − ημν = hμν

QFT: observable is expectation of operator

<latexit sha1_base64="/Y2q4jdemYI93gSYFmIGySiARJU="></latexit>

hµω(x) = →ω| µω(x)|ω↑

Integral over physical momenta
 “on-shell”k2 = 0

<latexit sha1_base64="SUtm/tm4pAxRisKJwYdqwjKvl1A="></latexit>

µω(x) =

∫
d!(k) ωεµ(k)ω

ε
ω(k) aεε(k)e

→ik·x + h.c.



Waveforms
Waveform: measuring metric change gμν − ημν = hμν

QFT: observable is expectation of operator
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hµω(x) = →ω| µω(x)|ω↑

Graviton polarization tensor: helicity η
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µω(x) =

∫
d!(k) ωεµ(k)ω

ε
ω(k) aεε(k)e

→ik·x + h.c.



Waveforms
Waveform: measuring metric change gμν − ημν = hμν

QFT: observable is expectation of operator

<latexit sha1_base64="/Y2q4jdemYI93gSYFmIGySiARJU="></latexit>

hµω(x) = →ω| µω(x)|ω↑

Graviton ladder
operator
helicity η

<latexit sha1_base64="SUtm/tm4pAxRisKJwYdqwjKvl1A="></latexit>

µω(x) =

∫
d!(k) ωεµ(k)ω

ε
ω(k) aεε(k)e

→ik·x + h.c.



Initial state in classical approximation:

Waveforms

Approximately localised

Well-defined momentum

| i ⇠
Z

|p1 p2i
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d!(p1, p2)ε(p1)ε(p2) e
ip1·b |p1, p2→

b
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Initial state in classical approximation:

Waveforms

Approximately localised

Well-defined momentum

Note: no gravitons in initial state

| i ⇠
Z

|p1 p2i
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Waveforms

Dominant term at large distances 
(integral of )Ψ4

Final state
Amplitudes!

| i ⇠
Z

|p1 p2i
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eip1·b

Sets classical initial conditions

x

<latexit sha1_base64="E5A6gdbjqbauDroCdbu9xFRVH4M="></latexit>

waveform → ↑ω|S†
µω(x)S|ω↓

Waveform: future expectation of metric operator

Cristofoli, Gonzo, Kosower & DOC
Kosower, Maybee & DOC “KMOC”

Time evolution operator:  matrixS



Waveforms

@ LO
5 point amplitude

<latexit sha1_base64="Pp3V+dWOftHgxu0D1mjz76YMsOQ="></latexit>
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waveform =

∫
d!(k)

[
ωωωω e→ik·x→ε|S†aωω(k)S|ε↑+ c.c.

]

<latexit sha1_base64="nb7/25JSrm9XsUmvSWLl/Ocmtv0="></latexit>

= i

∫
d!(k) ωωωω e→ik·x→ε|aωω(k)T |ε↑+ c.c.

Waveform: future expectation of metric operator

Fei’s talk



Waveforms
One oddity: past expectation of metric vanishes

<latexit sha1_base64="s4K8q/rp788d6UOcoRJlj0fCi0E="></latexit>

→ω| µω(x)|ω↑ =
∫

d!(k) e→ik·xεµεε
ω
ε →ω|aεε(k)|ω↑+ c.c. = 0

No gravitons in initial state

Should we be worried?



Large Gauge Transformations & 
“Frames”



Frames
QFT creation operators

<latexit sha1_base64="Hnr1OtGodeE1NKWXNOwDuTXFQ6E="></latexit>

|k,++→ = a†++(k) |0→

|k,↑↑→ = a†→→(k) |0→
Two states
Propagating fluctuations

Formalism designed to compute radiative “angular” components



“Angular” components in gravity: Bondi shear

Frames

Shear
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grr = grA = 0

Angles θA
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ds2 = guudu
2 + 2gurdu dr + 2guAdu dω

A + r2
(
!AB +

cAB

r

)
dωAdωB



“Angular” components in gravity: Bondi shear

Frames

Shear
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grr = grA = 0

Always available

Does metric of boosted Schwarzschild have zero shear?

Angles θA
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r

)
dωAdωB



“Angular” components in gravity: Bondi shear

Frames

Shear
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grr = grA = 0

Always available

Does metric of boosted Schwarzschild have zero shear?

Angles θA

<latexit sha1_base64="fmb2D/SgNwHuaLEmcIeFFV0UU1U="></latexit>

ds2 = guudu
2 + 2gurdu dr + 2guAdu dω

A + r2
(
!AB +

cAB

r

)
dωAdωB

Which Schwarzschild?



<latexit sha1_base64="fpV5XdxfmpAdhbekL9atwhp4DJ4="></latexit>

Boosted Schwarzschild

Frames

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="DxnhtFKnuN0WwvM6fh5t/+VjAyY="></latexit>

ds2 = ds20 →
2GM

R
d(T →R)2

<latexit sha1_base64="GOAcPHxmYH1RafQCgG4jg8B+abc=">AAACJXicbVA9TxtBEN0zEBwDiSElzQoLicq6iyInTSKkNJSOZBtLvhPa2xvbK/bj2J0ztk73O9KGKr8mHUJKlb/C2rgIhieN9PTejGbmpbkUDsPwb1Db2t55s1t/29jbP3j3vnl4NHCmsBz63EhjhylzIIWGPgqUMMwtMJVKuEyvvy/9yxlYJ4zu4SKHRLGJFmPBGXop6dGvdEZjnhmk86tmK2yHK9CXJFqTFlmje3UY1OLM8EKBRi6Zc6MozDEpmUXBJVSNuHCQM37NJjDyVDMFLilXV1f01CsZHRvrSyNdqf9PlEw5t1Cp71QMp27TW4qvehPL8qng8439OP6SlELnBYLmT+vHhaRo6DIYmgkLHOXCE8at8B9QPmWWcfTxNWINt9woxXRWxllWlTHCHMusqnxq0WZGL8ngYzvqtDs/PrXOv63zq5NjckLOSEQ+k3NyQbqkTzi5IT/JL3IX/A7+BPfBw1NrLVjPfCDPEPx7BOLapRI=</latexit>

T = v · x
<latexit sha1_base64="I/6uXE7be6oDPrRt0jBfs+f8DSY="></latexit>

R2 = (v · x)2 → x2

Kerr Schild “frame”



Boosted Schwarzschild xμ = uUμ + rnμ(θ, ϕ)

Frames

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="DxnhtFKnuN0WwvM6fh5t/+VjAyY="></latexit>

ds2 = ds20 →
2GM

R
d(T →R)2

<latexit sha1_base64="GOAcPHxmYH1RafQCgG4jg8B+abc=">AAACJXicbVA9TxtBEN0zEBwDiSElzQoLicq6iyInTSKkNJSOZBtLvhPa2xvbK/bj2J0ztk73O9KGKr8mHUJKlb/C2rgIhieN9PTejGbmpbkUDsPwb1Db2t55s1t/29jbP3j3vnl4NHCmsBz63EhjhylzIIWGPgqUMMwtMJVKuEyvvy/9yxlYJ4zu4SKHRLGJFmPBGXop6dGvdEZjnhmk86tmK2yHK9CXJFqTFlmje3UY1OLM8EKBRi6Zc6MozDEpmUXBJVSNuHCQM37NJjDyVDMFLilXV1f01CsZHRvrSyNdqf9PlEw5t1Cp71QMp27TW4qvehPL8qng8439OP6SlELnBYLmT+vHhaRo6DIYmgkLHOXCE8at8B9QPmWWcfTxNWINt9woxXRWxllWlTHCHMusqnxq0WZGL8ngYzvqtDs/PrXOv63zq5NjckLOSEQ+k3NyQbqkTzi5IT/JL3IX/A7+BPfBw1NrLVjPfCDPEPx7BOLapRI=</latexit>

T = v · x
<latexit sha1_base64="I/6uXE7be6oDPrRt0jBfs+f8DSY="></latexit>

R2 = (v · x)2 → x2

Kerr Schild “frame”



Boosted Schwarzschild xμ = uUμ + rnμ(θ, ϕ)

Frames

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="DxnhtFKnuN0WwvM6fh5t/+VjAyY="></latexit>

ds2 = ds20 →
2GM

R
d(T →R)2

<latexit sha1_base64="5txT02xdE0A+uSTDYtxIKqE1z78="></latexit>

→ r2(v · n)2

<latexit sha1_base64="85KPYoCe3t2rLuM/OBYJgDcIhM8=">AAACK3icbZA9SwNBEIb34nf8SrS0WQyCNuFORK1EsLFUMCp4IeztTZLF/Th259Rw3E+x1cpfY6XY+j/cxBQafWHh5Z0ZZvZJMikchuFbUJmanpmdm1+oLi4tr6zW6muXzuSWQ4sbaex1whxIoaGFAiVcZxaYSiRcJbcnw/rVHVgnjL7AQQZtxXpadAVn6KNOrR6joZZu39GYpwap3unUGmEzHIn+NdHYNMhYZ516UIlTw3MFGrlkzt1EYYbtglkUXEJZjXMHGeO3rAc33mqmwLWL0e0l3fJJSrvG+qeRjtKfEwVTzg1U4jsVw76brA3Df2s9y7K+4A8T+7F72C6EznIEzb/Xd3NJPYUhHpoKCxzlwBvGrfA/oLzPLOPoIVZjDffcKMV0WsRpWhYxwgMWaVl6atEko7/mcrcZ7Tf3z/cax0djfvNkg2ySbRKRA3JMTskZaRFO7skjeSLPwUvwGrwHH9+tlWA8s05+Kfj8AnFpptI=</latexit>

→ r(v · n)<latexit sha1_base64="GOAcPHxmYH1RafQCgG4jg8B+abc=">AAACJXicbVA9TxtBEN0zEBwDiSElzQoLicq6iyInTSKkNJSOZBtLvhPa2xvbK/bj2J0ztk73O9KGKr8mHUJKlb/C2rgIhieN9PTejGbmpbkUDsPwb1Db2t55s1t/29jbP3j3vnl4NHCmsBz63EhjhylzIIWGPgqUMMwtMJVKuEyvvy/9yxlYJ4zu4SKHRLGJFmPBGXop6dGvdEZjnhmk86tmK2yHK9CXJFqTFlmje3UY1OLM8EKBRi6Zc6MozDEpmUXBJVSNuHCQM37NJjDyVDMFLilXV1f01CsZHRvrSyNdqf9PlEw5t1Cp71QMp27TW4qvehPL8qng8439OP6SlELnBYLmT+vHhaRo6DIYmgkLHOXCE8at8B9QPmWWcfTxNWINt9woxXRWxllWlTHCHMusqnxq0WZGL8ngYzvqtDs/PrXOv63zq5NjckLOSEQ+k3NyQbqkTzi5IT/JL3IX/A7+BPfBw1NrLVjPfCDPEPx7BOLapRI=</latexit>

T = v · x
<latexit sha1_base64="I/6uXE7be6oDPrRt0jBfs+f8DSY="></latexit>

R2 = (v · x)2 → x2

Kerr Schild “frame”



<latexit sha1_base64="vMGyg5kHPqt9xQmGRVjVTgTap8c="></latexit>

→ ds20 ↑
2GM

r(v · n)3
(
du2 +O(1/r2)

)

Boosted Schwarzschild xμ = uUμ + rnμ(θ, ϕ)

Frames

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="DxnhtFKnuN0WwvM6fh5t/+VjAyY="></latexit>

ds2 = ds20 →
2GM

R
d(T →R)2

<latexit sha1_base64="5txT02xdE0A+uSTDYtxIKqE1z78="></latexit>

→ r2(v · n)2

<latexit sha1_base64="85KPYoCe3t2rLuM/OBYJgDcIhM8=">AAACK3icbZA9SwNBEIb34nf8SrS0WQyCNuFORK1EsLFUMCp4IeztTZLF/Th259Rw3E+x1cpfY6XY+j/cxBQafWHh5Z0ZZvZJMikchuFbUJmanpmdm1+oLi4tr6zW6muXzuSWQ4sbaex1whxIoaGFAiVcZxaYSiRcJbcnw/rVHVgnjL7AQQZtxXpadAVn6KNOrR6joZZu39GYpwap3unUGmEzHIn+NdHYNMhYZ516UIlTw3MFGrlkzt1EYYbtglkUXEJZjXMHGeO3rAc33mqmwLWL0e0l3fJJSrvG+qeRjtKfEwVTzg1U4jsVw76brA3Df2s9y7K+4A8T+7F72C6EznIEzb/Xd3NJPYUhHpoKCxzlwBvGrfA/oLzPLOPoIVZjDffcKMV0WsRpWhYxwgMWaVl6atEko7/mcrcZ7Tf3z/cax0djfvNkg2ySbRKRA3JMTskZaRFO7skjeSLPwUvwGrwHH9+tlWA8s05+Kfj8AnFpptI=</latexit>

→ r(v · n)<latexit sha1_base64="GOAcPHxmYH1RafQCgG4jg8B+abc=">AAACJXicbVA9TxtBEN0zEBwDiSElzQoLicq6iyInTSKkNJSOZBtLvhPa2xvbK/bj2J0ztk73O9KGKr8mHUJKlb/C2rgIhieN9PTejGbmpbkUDsPwb1Db2t55s1t/29jbP3j3vnl4NHCmsBz63EhjhylzIIWGPgqUMMwtMJVKuEyvvy/9yxlYJ4zu4SKHRLGJFmPBGXop6dGvdEZjnhmk86tmK2yHK9CXJFqTFlmje3UY1OLM8EKBRi6Zc6MozDEpmUXBJVSNuHCQM37NJjDyVDMFLilXV1f01CsZHRvrSyNdqf9PlEw5t1Cp71QMp27TW4qvehPL8qng8439OP6SlELnBYLmT+vHhaRo6DIYmgkLHOXCE8at8B9QPmWWcfTxNWINt9woxXRWxllWlTHCHMusqnxq0WZGL8ngYzvqtDs/PrXOv63zq5NjckLOSEQ+k3NyQbqkTzi5IT/JL3IX/A7+BPfBw1NrLVjPfCDPEPx7BOLapRI=</latexit>

T = v · x
<latexit sha1_base64="I/6uXE7be6oDPrRt0jBfs+f8DSY="></latexit>

R2 = (v · x)2 → x2

Kerr Schild “frame”

Poisson & Bonga



Frames

<latexit sha1_base64="djwaMPDnfzI587vFEajQPpjPSVE="></latexit>

ds2 = du2

(
1→ 2GM

r(v · n)3

)
+ 2du dr + r2

(
!AB +

0

r

)
dωAdωB + · · ·

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="fpV5XdxfmpAdhbekL9atwhp4DJ4="></latexit>

Boosted Schwarzschild

Automatically Bondi Poisson & Bonga

Kerr Schild “frame”



Frames

<latexit sha1_base64="djwaMPDnfzI587vFEajQPpjPSVE="></latexit>

ds2 = du2

(
1→ 2GM

r(v · n)3

)
+ 2du dr + r2

(
!AB +

0

r

)
dωAdωB + · · ·

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="fpV5XdxfmpAdhbekL9atwhp4DJ4="></latexit>

Boosted Schwarzschild

No shear — persists for 2 BHs

Poisson & Bonga

Kerr Schild “frame”



Frames
Boosted Schwarzschild

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="fpV5XdxfmpAdhbekL9atwhp4DJ4="></latexit>

De Donder “frame”
<latexit sha1_base64="5FdA1F3AQn0Jb4t3prFEA9HnEwI="></latexit>

ds2 = ds20→
4GM

R

(
vµvω → 1

2
ωµω

)
dxµ dxω + · · ·



Frames
Boosted Schwarzschild

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="fpV5XdxfmpAdhbekL9atwhp4DJ4="></latexit>

<latexit sha1_base64="eBs2fBuYdkiPA+1msCmtjkZj7Po="></latexit>

ds2 → ds20 ↑
4GM

r n · v

(
(n · v dr + r v · dn)2 ↑ 1

2
r2!ABdω

AdωB + · · ·
)

Not Bondi!

De Donder “frame”



Frames
Boosted Schwarzschild

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="fpV5XdxfmpAdhbekL9atwhp4DJ4="></latexit>

De Donder  Kerr Schild coords:→
<latexit sha1_base64="J5ySS8JhW+woTnRkzBuMAN4kcc0="></latexit>

T → T + 2GM logR



Frames
Boosted Schwarzschild

<latexit sha1_base64="FjZ4HkQTW+Wx+20nusJ+4LQbcI8="></latexit>

v

<latexit sha1_base64="fpV5XdxfmpAdhbekL9atwhp4DJ4="></latexit>

De Donder  Kerr Schild coords:→
<latexit sha1_base64="G4CQlk4wnTlHIQ2lTTmBUoj22c0="></latexit>

�u =
X

i

2GMi n · vi log n · vi + const

“Veneziano-Vilkovisky supertranslation”



Frames
So naive amplitudes approach: Kerr-Schild gauge choice

Kerr-Schild is canonical:

❖ Canonical BMS frame (zero shear)

❖ Canonical in QFT (simplest choice of ladder operators)



<latexit sha1_base64="qvJsda9Q9sVupGc8Vf/U8IJoceU="></latexit>

→ Fµω(u), invariant

Frames
So naive amplitudes approach: Kerr-Schild gauge choice

<latexit sha1_base64="R8zDXKFLShtQvUqg9+9WlGVc0hs="></latexit>

Aµ(u) =
1

distance

∫
+ · · ·

<latexit sha1_base64="eAYQFNzXIrxUyUpRvwcToZyzsZE="></latexit>

hµω(u) =
1

distance

∫
+ · · ·

<latexit sha1_base64="tOU9j6WFcSHo3Dm3/RFciwb+g7g="></latexit>

→ Rµωεϑ(u), not invariant

<latexit sha1_base64="U3mqCnzXCOVeWmv6XElY4sbtegs="></latexit>

u → u+ 2Gmn · v log n · v

Bini, Damour, Geralico; Georgoudis, Heissenberg, Russo

Thibault’s talk



<latexit sha1_base64="qvJsda9Q9sVupGc8Vf/U8IJoceU="></latexit>

→ Fµω(u), invariant

Frames
So naive amplitudes approach: Kerr-Schild gauge choice

<latexit sha1_base64="R8zDXKFLShtQvUqg9+9WlGVc0hs="></latexit>

Aµ(u) =
1

distance

∫
+ · · ·

<latexit sha1_base64="eAYQFNzXIrxUyUpRvwcToZyzsZE="></latexit>

hµω(u) =
1

distance

∫
+ · · ·

<latexit sha1_base64="tOU9j6WFcSHo3Dm3/RFciwb+g7g="></latexit>

→ Rµωεϑ(u), not invariant

<latexit sha1_base64="U3mqCnzXCOVeWmv6XElY4sbtegs="></latexit>

u → u+ 2Gmn · v log n · v
No local gauge invariant observables:

<latexit sha1_base64="BleEEbWJTXJB/ezHwbPMIZ5+VJg="></latexit>

ω4(u) → ω4(u+ F (n))

Bini, Damour, Geralico; Georgoudis, Heissenberg, Russo

Thibault’s talk



<latexit sha1_base64="qvJsda9Q9sVupGc8Vf/U8IJoceU="></latexit>

→ Fµω(u), invariant

Frames
So naive amplitudes approach: Kerr-Schild gauge choice

<latexit sha1_base64="R8zDXKFLShtQvUqg9+9WlGVc0hs="></latexit>

Aµ(u) =
1

distance

∫
+ · · ·

<latexit sha1_base64="eAYQFNzXIrxUyUpRvwcToZyzsZE="></latexit>

hµω(u) =
1

distance

∫
+ · · ·

<latexit sha1_base64="tOU9j6WFcSHo3Dm3/RFciwb+g7g="></latexit>

→ Rµωεϑ(u), not invariant

<latexit sha1_base64="U3mqCnzXCOVeWmv6XElY4sbtegs="></latexit>

u → u+ 2Gmn · v log n · v

1. How does this manifest at GW observatories?

2. What is the right “frame” = large gauge choice?

3. How can we adjust frame in QFT approach?

No local gauge invariant observables:
<latexit sha1_base64="BleEEbWJTXJB/ezHwbPMIZ5+VJg="></latexit>

ω4(u) → ω4(u+ F (n))

Bini, Damour, Geralico; Georgoudis, Heissenberg, Russo

Thibault’s talk



Single-Particle States



Single-Particle States

<latexit sha1_base64="NXzYzcQWGPNzTkfodamXoBSPHvM="></latexit>

s

ω(s)

m2 sth
s

ω(s)

m2

Gapped theory: isolated pole in spectral density

Massive pole well defined



Single-Particle States

<latexit sha1_base64="NXzYzcQWGPNzTkfodamXoBSPHvM="></latexit>

s

ω(s)

m2 sth
s

ω(s)

m2

No mass gap theory: no isolated pole

Massive pole not well defined



Single-Particle States
Definition of single particle state is ambiguous

<latexit sha1_base64="WGdevRuf6Bag1vexONs9l0fEyRE=">AAACK3icbZBLSgNBEIZ7fBtfUZduGoOgmzgjEl2J4MadCkYDmRhqOpXYpOdBd40QhhzDY3gCt3oCV4pb72FPMgujFjT8/H8VVf0FiZKGXPfdmZqemZ2bX1gsLS2vrK6V1zduTJxqgXURq1g3AjCoZIR1kqSwkWiEMFB4G/TP8vz2AbWRcXRNgwRbIfQi2ZUCyFrt8r7fR8qSIfcp5n4IdC9AZRfDXbjzO9DroW77SLDHi752ueJW3VHxv8IrRIUVddkuf/mdWKQhRiQUGNP03IRaGWiSQuGw5KcGExB96GHTyghCNK1s9LEh37FOh3djbV9EfOT+nMggNGYQBrYzP938znLzv6yZUve4lckoSQkjMV7UTRW3EHJKvCM1ClIDK0BoaW/l4h40CLIsJ7YEGiyZnIv3m8JfcXNQ9WrV2tVh5fSkILTAttg222UeO2Kn7JxdsjoT7JE9sxf26jw5b86H8zlunXKKmU02Uc7XNw9uqNc=</latexit>

|p→ ↑ O(a†ω) |p→

Electromagnetic case
Simpler

Creates photon “cloud”



Single-Particle States
Definition of single particle state is ambiguous

<latexit sha1_base64="WGdevRuf6Bag1vexONs9l0fEyRE=">AAACK3icbZBLSgNBEIZ7fBtfUZduGoOgmzgjEl2J4MadCkYDmRhqOpXYpOdBd40QhhzDY3gCt3oCV4pb72FPMgujFjT8/H8VVf0FiZKGXPfdmZqemZ2bX1gsLS2vrK6V1zduTJxqgXURq1g3AjCoZIR1kqSwkWiEMFB4G/TP8vz2AbWRcXRNgwRbIfQi2ZUCyFrt8r7fR8qSIfcp5n4IdC9AZRfDXbjzO9DroW77SLDHi752ueJW3VHxv8IrRIUVddkuf/mdWKQhRiQUGNP03IRaGWiSQuGw5KcGExB96GHTyghCNK1s9LEh37FOh3djbV9EfOT+nMggNGYQBrYzP938znLzv6yZUve4lckoSQkjMV7UTRW3EHJKvCM1ClIDK0BoaW/l4h40CLIsJ7YEGiyZnIv3m8JfcXNQ9WrV2tVh5fSkILTAttg222UeO2Kn7JxdsjoT7JE9sxf26jw5b86H8zlunXKKmU02Uc7XNw9uqNc=</latexit>

|p→ ↑ O(a†ω) |p→

Electromagnetic case
Simpler

Momentum of particle invariant
<latexit sha1_base64="YbLhRXeiZXcIQ+gHhpdil7L8wMA="></latexit>

Pµ
tot |p→ = Pµ

totO(a†ω) |p→

Idealisation: photon momenta zero

Cloud of infrared photons



Single-Particle States
Related idealisation

<latexit sha1_base64="NMtOe8rbqFvNNuH6StQHmGIOOD0="></latexit>

waveform =

∫
d!(k) ωωωω e→ik·x→ε|S†aωω(k)S|ε↑+ c.c.

Radius  is very large: use stationary phaser

<latexit sha1_base64="G/eSffYM/31LkPU0anUNmJkJ0sU="></latexit>

waveform → ↑i

4ωr

∫
dε ϑωϑω e→iεu↓ϖ|S†aωω(k)S|ϖ↔

∣∣∣∣
k=εn

+ c.c.

<latexit sha1_base64="aB+c1i/EX7GIr/v8VuuGhJHuZBc="></latexit>

xµ = rnµ



Single-Particle States
<latexit sha1_base64="G/eSffYM/31LkPU0anUNmJkJ0sU="></latexit>

waveform → ↑i

4ωr

∫
dε ϑωϑω e→iεu↓ϖ|S†aωω(k)S|ϖ↔

∣∣∣∣
k=εn

+ c.c.

Justified provided rω ≫ 1



Single-Particle States
<latexit sha1_base64="G/eSffYM/31LkPU0anUNmJkJ0sU="></latexit>

waveform → ↑i

4ωr

∫
dε ϑωϑω e→iεu↓ϖ|S†aωω(k)S|ϖ↔

∣∣∣∣
k=εn

+ c.c.

Justified provided rω ≫ 1

But…

“Memory”: waveform must include arbitrarily low frequencies

<latexit sha1_base64="8YEZZZVjgYh90URM487M0bxLrMg="></latexit>

!h = h(→)↑ h(↑→) = ↑i

∫
dω ωε(ω) h̃(ω) ↓= 0

Idealisation: 1/r = 0



<latexit sha1_base64="3u3CtlB/f/GMam293tBE+7h352k=">AAACKHicbZDLSsNAFIYnXmu9RV26GSyCi1ISkepGKbhx2YK9QBvLZHrSDp1cmJkIJeQlfAyfwK0+gTvpVvA9nLRZ2NYDAz//fw7nzOdGnEllWVNjbX1jc2u7sFPc3ds/ODSPjlsyjAWFJg15KDoukcBZAE3FFIdOJID4Loe2O77P8vYzCMnC4FFNInB8MgyYxyhR2uqb5d4YVBKluKdCPNdl7KX4FsNTwhp92fWcNA/SvlmyKtas8Kqwc1FCedX75k9vENLYh0BRTqTs2laknIQIxSiHtNiLJUSEjskQuloGxAfpJLNfpfhcOwPshUK/QOGZ+3ciIb6UE9/VnT5RI7mcZeZ/WTdW3o2TsCCKFQR0vsiLOdYEMkR4wARQxSdaECqYvhXTERGEKg1yYYsriCaTcbGXKayK1mXFrlaqjatS7S4nVECn6AxdIBtdoxp6QHXURBS9oDf0jj6MV+PT+DKm89Y1I585QQtlfP8Cs+2nDQ==</latexit>

|p→ ↑ |p, f→ = eiQs[f ] |p→

Single-Particle States
Consider dressing with classical meaning

<latexit sha1_base64="Zh4+QSf2/qAvcsdSaGH+BfLLFa8="></latexit>

Qs[f ] =

∫
d!(k) ω(ε)

(
fω(n)a

†
ω(ε, n) + h.c.

)

Defined by spin-weight  function±1
<latexit sha1_base64="GsfGhDpTxpteutV3WVa2j64WosE=">AAACEHicbVBLSgNBEO3xG+Nv/OzcNAbBVZgRiW6UgBuXEcwHMmPo6VSSJt09Q3ePEEMu4Qnc6gnciVtv4AG8hz1JFibxQcGr96qo4kUJZ9p43reztLyyurae28hvbm3v7Lp7+zUdp4pClcY8Vo2IaOBMQtUww6GRKCAi4lCP+jeZX38EpVks780ggVCQrmQdRomxUss97D8EIsVXOIgFdAmWWdtyC17RGwMvEn9KCmiKSsv9CdoxTQVIQznRuul7iQmHRBlGOYzyQaohIbRPutC0VBIBOhyOvx/hE6u0cSdWtqTBY/XvxpAIrQcispOCmJ6e9zLxP6+Zms5lOGQySQ1IOjnUSTk2Mc6iwG2mgBo+sIRQxeyvmPaIItTYwGauRIr0wYxsLv58Coukdlb0S8XS3XmhfD1NKIeO0DE6RT66QGV0iyqoiih6Qi/oFb05z8678+F8TkaXnOnOAZqB8/ULcZ+c5Q==</latexit>

kµ = ωnµ

Infrared photons

Larger class of localised, classical particle
<latexit sha1_base64="XSDFUf1888BUQNvS2B6OUQ2pdM8="></latexit>

|ω→ =
∫

d!(p)ε(p) |p, f→



Single-Particle States
So what’s changed?

1. Initial EM field has expectation value

Spin-weight ±1

<latexit sha1_base64="Td3GYpCuoIPrOHP77+hQcJB3ucQ="></latexit>

→ω|Aµ(x)|ω↑ = Aµ(x) =
1

r

∑

ω

(
εωµfω(n) + εω→µ f→

ω (n)
)



Single-Particle States
So what’s changed?

1. Initial EM field has expectation value

Spin-weight ±1

Observer velocity , gauge choiceUμ <latexit sha1_base64="ZzqflTOReJHZusVYJmvVM+c4sug="></latexit>

ωω(n) · U = 0 → ⊋ = ω+(n) · ε

<latexit sha1_base64="Td3GYpCuoIPrOHP77+hQcJB3ucQ="></latexit>

→ω|Aµ(x)|ω↑ = Aµ(x) =
1

r

∑

ω

(
εωµfω(n) + εω→µ f→

ω (n)
)

<latexit sha1_base64="A6DdKWzQwep+QZFRdkj+Da72OPE="></latexit>

fω(n) = ωω→ · εF (n)



Single-Particle States
So what’s changed?

1. Initial EM field has expectation value
Assume  is realF(n)

Observer coordinates 
<latexit sha1_base64="OfrP+WOpDeH2Vur63gW6WiMg5wE="></latexit>

xµ = uUµ + rnµ

<latexit sha1_base64="uL/Z8fmmNgWFuA7Osp/GWtIECI8="></latexit>

A · dx = dnµ ωµF (n) = dF (n)

Pure gauge
Large gauge transformation

<latexit sha1_base64="jBJXHuVszDs7YKzvPiYEGG55QDo="></latexit>

→ω|Aµ(x)|ω↑ = Aµ(x) =
1

r

∑

ω

(
εωµε

ω→ · ϑF (n) + εω→µ εω · ϑF →(n)
)



Single-Particle States
So what’s changed?

2. Spectral density in Källén-Lehmann representation changes
<latexit sha1_base64="yQbPt5sdB0fGX8rC+4AyBLmYi3Y="></latexit>

i!F (p) =

∫
ds

ω(s)

p2 → s+ iε

<latexit sha1_base64="DpusyKTdYZMBqoaGlCsjjaFSek4="></latexit>

ω(s) → ωf (s)



Single-Particle States
Gravitational case

<latexit sha1_base64="Yf95B2Hf7LsI59qxDumT5KJPlqM="></latexit>

Qs[f ] =

∫
d!(k) ω(ε)

(
fωω(n)a

†
ωω(ε, n) + h.c.

)

<latexit sha1_base64="lAqN2XVJJ0im1kA+nvcZ409h1j8="></latexit>

hµωdx
µdxω = →ω| µω(x)|ω↑ dxµdxω

= r dεAdεB(2↓A↓B ↔ !AB↓2)F (n)

Expectation value, real F

<latexit sha1_base64="a97iFvR7zSMVBTXhPC3Yx1JMDaM="></latexit>

fωω(n) = ω→µω ω→εω →µ→εF (n)

Spin-weight ±2

BMS supertranslation 
<latexit sha1_base64="6m//EcOsJjSBWrqbOpShglaB9jQ="></latexit>

u → u+ F (n)



Single-Particle States
Coherent state IR dressings:

❖ If real, generate pure gauge field expectations

❖ If imaginary: dual gauge transform (magnetic)

Classically associated with 
<latexit sha1_base64="MsZ313/6xm/sda4eiTy3H32+e7I="></latexit>

u → u+ F (n)

How does this emerge in the QFT approach?



Supertranslations



Supertranslations
<latexit sha1_base64="G/eSffYM/31LkPU0anUNmJkJ0sU="></latexit>

waveform → ↑i

4ωr

∫
dε ϑωϑω e→iεu↓ϖ|S†aωω(k)S|ϖ↔

∣∣∣∣
k=εn

+ c.c.

All the time
dependence

Expectation value to compute
Sensitive to dressing



Supertranslations
<latexit sha1_base64="G/eSffYM/31LkPU0anUNmJkJ0sU="></latexit>

waveform → ↑i

4ωr

∫
dε ϑωϑω e→iεu↓ϖ|S†aωω(k)S|ϖ↔

∣∣∣∣
k=εn

+ c.c.

All the time
dependence

Expectation value to compute
Sensitive to dressing

<latexit sha1_base64="fQX+4XelH9SUbNKheU0AAoDMarc="></latexit>

→ω|S†aωω(k)S|ω↑ =
∫

→p→1p→2|e↑iQs[f ]S†aωω(k)Se
iQs[f ]|p1p2↑

Focus on expectation:

Short story: interactions same up to  phase
<latexit sha1_base64="2v9na5JRGLiDn7FpjaE4Dul9ABw="></latexit>

e→iωF (n)



Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

E&M:
<latexit sha1_base64="amGnGrki1Pj6DA188/zKglZon4k="></latexit>

[S,Qs] = 0

<latexit sha1_base64="DnhgVSleClbeIqopnxTMBXgWKW0="></latexit>

= →[S,Qh,M ]
<latexit sha1_base64="2D0IQiGQoubjQYc6ki4k73Nbh8A="></latexit>

Qh,M →
∑

i

Qh,iA
†
iAi

<latexit sha1_base64="Io/8+zJdKT5uzwG6nWekzyy5Wt8="></latexit>

|p1p2→
<latexit sha1_base64="qdY1S5/EUb5KN6iCiHHeVfbvEsA="></latexit>

→p→1p→2|
<latexit sha1_base64="6dIv3mvbL3AwUC7aVoSG/Guegzo="></latexit>

e→i(Qs+Qh)
<latexit sha1_base64="j269WNJuvXDI0v6yF0+daTgkWLs=">AAACNXicbVDLSgMxFM34rPWtuHITLIKrMiNSXUnBjUtFq6JT5U7mdhpMMkOSUcswf+FWf8NvceFO3PoLprULrR4IHM65l3tyokxwY33/1Rsbn5icmq7MVGfn5hcWl5ZXzkyaa4YtlopUX0RgUHCFLcutwItMI8hI4Hl0e9D3z+9QG56qU9vLsC0hUbzDGVgnXZ5chzEkCWp6s1Tz6/4A9C8JhqRGhji6WfbWwjhluURlmQBjrgI/s+0CtOVMYFkNc4MZsFtI8MpRBRJNuxhELummU2LaSbV7ytKB+nOjAGlMT0ZuUoLtmlGvL/7rJRqyLmcPv+4XUSRHAtnOXrvgKsstKvadp5MLalPar4nGXCOzoucIMM3dlyjrggZmXZnVUOE9S6UEFRdhHJdF2A+iZRGXpSsyGK3tLznbrgeNeuN4p9bcH1ZaIetkg2yRgOySJjkkR6RFGFHkkTyRZ+/Fe/PevY/v0TFvuLNKfsH7/AKlHaxk</latexit>

S† <latexit sha1_base64="deiL7uS7mO46s6RQ9f7Wwu9xalA=">AAACL3icbVDLSsNAFJ3UV62vVnHlJliEuimJSHUlBTcuK9gHNKHcTKbt0JlJmJmoJeQX3Opv+DXiRtz6FyZtFrb1wMDhnHu5Z44XMqq0ZX0ahbX1jc2t4nZpZ3dv/6BcOeyoIJKYtHHAAtnzQBFGBWlrqhnphZIA9xjpepPbzO8+EqloIB70NCQuh5GgQ4pBZxLUJueDctWqWzOYq8TOSRXlaA0qxrHjBzjiRGjMQKm+bYXajUFqihlJSk6kSAh4AiPST6kATpQbz8Im5lmq+OYwkOkT2pypfzdi4EpNuZdOctBjtexl4r/eSEI4pvh54X7seXwpkB5euzEVYaSJwPM8w4iZOjCzgkyfSoI1m6YEsKTpl0w8BglYpzWWHEGecMA5CD92fD+JnSyI5LGfJGmR9nJtq6RzUbcb9cb9ZbV5k1daRCfoFNWQja5QE92hFmojjMboBb2iN+Pd+DC+jO/5aMHId47QAoyfX02Fqa4=</latexit>

a(k)
<latexit sha1_base64="IG/PiR3DF+m5wLgGhg4qK4zytbs=">AAACLHicbVDLSgMxFM3UV62vVnHlZrAIrsqMSHUlBTcuW7QP6JSSydy2oUlmSDJqGeYL3Opv+DVuRNz6HWbaLmzrgcDhnHu5J8ePGFXacT6t3Nr6xuZWfruws7u3f1AsHbZUGEsCTRKyUHZ8rIBRAU1NNYNOJAFzn0HbH99mfvsRpKKheNCTCHocDwUdUIK1kRr3/WLZqThT2KvEnZMymqPeL1nHXhCSmIPQhGGluq4T6V6CpaaEQVrwYgURJmM8hK6hAnNQvWSaNLXPjBLYg1CaJ7Q9Vf9uJJgrNeG+meRYj9Syl4n/ekOJoxElzwv3E9/nS4H04LqXUBHFGgSZ5RnEzNahnbVjB1QC0WxiCCaSmi/ZZIQlJtp0WPAEPJGQcyyCxAuCNPGyIJInQZqaIt3l2lZJ66LiVivVxmW5djOvNI9O0Ck6Ry66QjV0h+qoiQgC9IJe0Zv1bn1YX9b3bDRnzXeO0AKsn190O6jG</latexit>

S
<latexit sha1_base64="K6v5j/x07m3zXB4If2UmKdNorgc="></latexit>

ei(Qs+Qh)

+

<latexit sha1_base64="G2jPz1pKLw8i5Vt5zwy0vHBXupk="></latexit>

P P →

k

<latexit sha1_base64="9aPwL5MjSh08hlUhInpaR1W49Xw="></latexit>

P P →

+

Soft photon



<latexit sha1_base64="K6v5j/x07m3zXB4If2UmKdNorgc="></latexit>

ei(Qs+Qh)
<latexit sha1_base64="j269WNJuvXDI0v6yF0+daTgkWLs=">AAACNXicbVDLSgMxFM34rPWtuHITLIKrMiNSXUnBjUtFq6JT5U7mdhpMMkOSUcswf+FWf8NvceFO3PoLprULrR4IHM65l3tyokxwY33/1Rsbn5icmq7MVGfn5hcWl5ZXzkyaa4YtlopUX0RgUHCFLcutwItMI8hI4Hl0e9D3z+9QG56qU9vLsC0hUbzDGVgnXZ5chzEkCWp6s1Tz6/4A9C8JhqRGhji6WfbWwjhluURlmQBjrgI/s+0CtOVMYFkNc4MZsFtI8MpRBRJNuxhELummU2LaSbV7ytKB+nOjAGlMT0ZuUoLtmlGvL/7rJRqyLmcPv+4XUSRHAtnOXrvgKsstKvadp5MLalPar4nGXCOzoucIMM3dlyjrggZmXZnVUOE9S6UEFRdhHJdF2A+iZRGXpSsyGK3tLznbrgeNeuN4p9bcH1ZaIetkg2yRgOySJjkkR6RFGFHkkTyRZ+/Fe/PevY/v0TFvuLNKfsH7/AKlHaxk</latexit>

S†

Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

E&M:
<latexit sha1_base64="amGnGrki1Pj6DA188/zKglZon4k="></latexit>

[S,Qs] = 0

<latexit sha1_base64="DnhgVSleClbeIqopnxTMBXgWKW0="></latexit>

= →[S,Qh,M ]
<latexit sha1_base64="2D0IQiGQoubjQYc6ki4k73Nbh8A="></latexit>

Qh,M →
∑

i

Qh,iA
†
iAi

<latexit sha1_base64="Io/8+zJdKT5uzwG6nWekzyy5Wt8="></latexit>

|p1p2→
<latexit sha1_base64="qdY1S5/EUb5KN6iCiHHeVfbvEsA="></latexit>

→p→1p→2|
<latexit sha1_base64="deiL7uS7mO46s6RQ9f7Wwu9xalA=">AAACL3icbVDLSsNAFJ3UV62vVnHlJliEuimJSHUlBTcuK9gHNKHcTKbt0JlJmJmoJeQX3Opv+DXiRtz6FyZtFrb1wMDhnHu5Z44XMqq0ZX0ahbX1jc2t4nZpZ3dv/6BcOeyoIJKYtHHAAtnzQBFGBWlrqhnphZIA9xjpepPbzO8+EqloIB70NCQuh5GgQ4pBZxLUJueDctWqWzOYq8TOSRXlaA0qxrHjBzjiRGjMQKm+bYXajUFqihlJSk6kSAh4AiPST6kATpQbz8Im5lmq+OYwkOkT2pypfzdi4EpNuZdOctBjtexl4r/eSEI4pvh54X7seXwpkB5euzEVYaSJwPM8w4iZOjCzgkyfSoI1m6YEsKTpl0w8BglYpzWWHEGecMA5CD92fD+JnSyI5LGfJGmR9nJtq6RzUbcb9cb9ZbV5k1daRCfoFNWQja5QE92hFmojjMboBb2iN+Pd+DC+jO/5aMHId47QAoyfX02Fqa4=</latexit>

a(k)
<latexit sha1_base64="IG/PiR3DF+m5wLgGhg4qK4zytbs=">AAACLHicbVDLSgMxFM3UV62vVnHlZrAIrsqMSHUlBTcuW7QP6JSSydy2oUlmSDJqGeYL3Opv+DVuRNz6HWbaLmzrgcDhnHu5J8ePGFXacT6t3Nr6xuZWfruws7u3f1AsHbZUGEsCTRKyUHZ8rIBRAU1NNYNOJAFzn0HbH99mfvsRpKKheNCTCHocDwUdUIK1kRr3/WLZqThT2KvEnZMymqPeL1nHXhCSmIPQhGGluq4T6V6CpaaEQVrwYgURJmM8hK6hAnNQvWSaNLXPjBLYg1CaJ7Q9Vf9uJJgrNeG+meRYj9Syl4n/ekOJoxElzwv3E9/nS4H04LqXUBHFGgSZ5RnEzNahnbVjB1QC0WxiCCaSmi/ZZIQlJtp0WPAEPJGQcyyCxAuCNPGyIJInQZqaIt3l2lZJ66LiVivVxmW5djOvNI9O0Ck6Ry66QjV0h+qoiQgC9IJe0Zv1bn1YX9b3bDRnzXeO0AKsn190O6jG</latexit>

S

+

<latexit sha1_base64="G2jPz1pKLw8i5Vt5zwy0vHBXupk="></latexit>

P P →

k

<latexit sha1_base64="9aPwL5MjSh08hlUhInpaR1W49Xw="></latexit>

P P →

+

Soft photon

<latexit sha1_base64="6dIv3mvbL3AwUC7aVoSG/Guegzo="></latexit>

e→i(Qs+Qh)



Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

E&M:

So dressed EM waveform = “canonical” waveform + large gauge

<latexit sha1_base64="L7PdsIrfJVXdQCoM/sFWAJQH5Cc="></latexit>

e→iQsa(k)eiQs = a(k) + gauge

<latexit sha1_base64="5IWLkFBmgVgpMJXHR9U0VY4rfRE="></latexit>

A→µ = Aµ
canonical + ωµF (n)



Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

In GR, dressing involves 

<latexit sha1_base64="DvT9kb3+c7yHmKB6fvumV2m6J+0="></latexit>

[S,Qs] →

<latexit sha1_base64="SV5wd8Jxj7ZrGsskXZYVeGUdRh0="></latexit>

⊋2F (n)

<latexit sha1_base64="gqp9NkIxJ2hNMqUyEI84VUds7HI="></latexit>

Qh = →
∫

F (n) a†(ωn)a(ωn) +Qh,i

Loop integrals
remove !ð

<latexit sha1_base64="p9xSjCs0HpZHy8WQOdG7M3T5cuA="></latexit>

P P →

K



Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

<latexit sha1_base64="Io/8+zJdKT5uzwG6nWekzyy5Wt8="></latexit>

|p1p2→
<latexit sha1_base64="qdY1S5/EUb5KN6iCiHHeVfbvEsA="></latexit>

→p→1p→2|
<latexit sha1_base64="6dIv3mvbL3AwUC7aVoSG/Guegzo="></latexit>

e→i(Qs+Qh)
<latexit sha1_base64="j269WNJuvXDI0v6yF0+daTgkWLs=">AAACNXicbVDLSgMxFM34rPWtuHITLIKrMiNSXUnBjUtFq6JT5U7mdhpMMkOSUcswf+FWf8NvceFO3PoLprULrR4IHM65l3tyokxwY33/1Rsbn5icmq7MVGfn5hcWl5ZXzkyaa4YtlopUX0RgUHCFLcutwItMI8hI4Hl0e9D3z+9QG56qU9vLsC0hUbzDGVgnXZ5chzEkCWp6s1Tz6/4A9C8JhqRGhji6WfbWwjhluURlmQBjrgI/s+0CtOVMYFkNc4MZsFtI8MpRBRJNuxhELummU2LaSbV7ytKB+nOjAGlMT0ZuUoLtmlGvL/7rJRqyLmcPv+4XUSRHAtnOXrvgKsstKvadp5MLalPar4nGXCOzoucIMM3dlyjrggZmXZnVUOE9S6UEFRdhHJdF2A+iZRGXpSsyGK3tLznbrgeNeuN4p9bcH1ZaIetkg2yRgOySJjkkR6RFGFHkkTyRZ+/Fe/PevY/v0TFvuLNKfsH7/AKlHaxk</latexit>

S† <latexit sha1_base64="deiL7uS7mO46s6RQ9f7Wwu9xalA=">AAACL3icbVDLSsNAFJ3UV62vVnHlJliEuimJSHUlBTcuK9gHNKHcTKbt0JlJmJmoJeQX3Opv+DXiRtz6FyZtFrb1wMDhnHu5Z44XMqq0ZX0ahbX1jc2t4nZpZ3dv/6BcOeyoIJKYtHHAAtnzQBFGBWlrqhnphZIA9xjpepPbzO8+EqloIB70NCQuh5GgQ4pBZxLUJueDctWqWzOYq8TOSRXlaA0qxrHjBzjiRGjMQKm+bYXajUFqihlJSk6kSAh4AiPST6kATpQbz8Im5lmq+OYwkOkT2pypfzdi4EpNuZdOctBjtexl4r/eSEI4pvh54X7seXwpkB5euzEVYaSJwPM8w4iZOjCzgkyfSoI1m6YEsKTpl0w8BglYpzWWHEGecMA5CD92fD+JnSyI5LGfJGmR9nJtq6RzUbcb9cb9ZbV5k1daRCfoFNWQja5QE92hFmojjMboBb2iN+Pd+DC+jO/5aMHId47QAoyfX02Fqa4=</latexit>

a(k)
<latexit sha1_base64="IG/PiR3DF+m5wLgGhg4qK4zytbs=">AAACLHicbVDLSgMxFM3UV62vVnHlZrAIrsqMSHUlBTcuW7QP6JSSydy2oUlmSDJqGeYL3Opv+DVuRNz6HWbaLmzrgcDhnHu5J8ePGFXacT6t3Nr6xuZWfruws7u3f1AsHbZUGEsCTRKyUHZ8rIBRAU1NNYNOJAFzn0HbH99mfvsRpKKheNCTCHocDwUdUIK1kRr3/WLZqThT2KvEnZMymqPeL1nHXhCSmIPQhGGluq4T6V6CpaaEQVrwYgURJmM8hK6hAnNQvWSaNLXPjBLYg1CaJ7Q9Vf9uJJgrNeG+meRYj9Syl4n/ekOJoxElzwv3E9/nS4H04LqXUBHFGgSZ5RnEzNahnbVjB1QC0WxiCCaSmi/ZZIQlJtp0WPAEPJGQcyyCxAuCNPGyIJInQZqaIt3l2lZJ66LiVivVxmW5djOvNI9O0Ck6Ry66QjV0h+qoiQgC9IJe0Zv1bn1YX9b3bDRnzXeO0AKsn190O6jG</latexit>

S
<latexit sha1_base64="K6v5j/x07m3zXB4If2UmKdNorgc="></latexit>

ei(Qs+Qh)

<latexit sha1_base64="gqp9NkIxJ2hNMqUyEI84VUds7HI="></latexit>

Qh = →
∫

F (n) a†(ωn)a(ωn) +Qh,i

In GR, dressing involves 
<latexit sha1_base64="SV5wd8Jxj7ZrGsskXZYVeGUdRh0="></latexit>

⊋2F (n)



<latexit sha1_base64="Io/8+zJdKT5uzwG6nWekzyy5Wt8="></latexit>

|p1p2→

Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

<latexit sha1_base64="qdY1S5/EUb5KN6iCiHHeVfbvEsA="></latexit>

→p→1p→2|
<latexit sha1_base64="6dIv3mvbL3AwUC7aVoSG/Guegzo="></latexit>

e→i(Qs+Qh)
<latexit sha1_base64="j269WNJuvXDI0v6yF0+daTgkWLs=">AAACNXicbVDLSgMxFM34rPWtuHITLIKrMiNSXUnBjUtFq6JT5U7mdhpMMkOSUcswf+FWf8NvceFO3PoLprULrR4IHM65l3tyokxwY33/1Rsbn5icmq7MVGfn5hcWl5ZXzkyaa4YtlopUX0RgUHCFLcutwItMI8hI4Hl0e9D3z+9QG56qU9vLsC0hUbzDGVgnXZ5chzEkCWp6s1Tz6/4A9C8JhqRGhji6WfbWwjhluURlmQBjrgI/s+0CtOVMYFkNc4MZsFtI8MpRBRJNuxhELummU2LaSbV7ytKB+nOjAGlMT0ZuUoLtmlGvL/7rJRqyLmcPv+4XUSRHAtnOXrvgKsstKvadp5MLalPar4nGXCOzoucIMM3dlyjrggZmXZnVUOE9S6UEFRdhHJdF2A+iZRGXpSsyGK3tLznbrgeNeuN4p9bcH1ZaIetkg2yRgOySJjkkR6RFGFHkkTyRZ+/Fe/PevY/v0TFvuLNKfsH7/AKlHaxk</latexit>

S† <latexit sha1_base64="deiL7uS7mO46s6RQ9f7Wwu9xalA=">AAACL3icbVDLSsNAFJ3UV62vVnHlJliEuimJSHUlBTcuK9gHNKHcTKbt0JlJmJmoJeQX3Opv+DXiRtz6FyZtFrb1wMDhnHu5Z44XMqq0ZX0ahbX1jc2t4nZpZ3dv/6BcOeyoIJKYtHHAAtnzQBFGBWlrqhnphZIA9xjpepPbzO8+EqloIB70NCQuh5GgQ4pBZxLUJueDctWqWzOYq8TOSRXlaA0qxrHjBzjiRGjMQKm+bYXajUFqihlJSk6kSAh4AiPST6kATpQbz8Im5lmq+OYwkOkT2pypfzdi4EpNuZdOctBjtexl4r/eSEI4pvh54X7seXwpkB5euzEVYaSJwPM8w4iZOjCzgkyfSoI1m6YEsKTpl0w8BglYpzWWHEGecMA5CD92fD+JnSyI5LGfJGmR9nJtq6RzUbcb9cb9ZbV5k1daRCfoFNWQja5QE92hFmojjMboBb2iN+Pd+DC+jO/5aMHId47QAoyfX02Fqa4=</latexit>

a(k)
<latexit sha1_base64="IG/PiR3DF+m5wLgGhg4qK4zytbs=">AAACLHicbVDLSgMxFM3UV62vVnHlZrAIrsqMSHUlBTcuW7QP6JSSydy2oUlmSDJqGeYL3Opv+DVuRNz6HWbaLmzrgcDhnHu5J8ePGFXacT6t3Nr6xuZWfruws7u3f1AsHbZUGEsCTRKyUHZ8rIBRAU1NNYNOJAFzn0HbH99mfvsRpKKheNCTCHocDwUdUIK1kRr3/WLZqThT2KvEnZMymqPeL1nHXhCSmIPQhGGluq4T6V6CpaaEQVrwYgURJmM8hK6hAnNQvWSaNLXPjBLYg1CaJ7Q9Vf9uJJgrNeG+meRYj9Syl4n/ekOJoxElzwv3E9/nS4H04LqXUBHFGgSZ5RnEzNahnbVjB1QC0WxiCCaSmi/ZZIQlJtp0WPAEPJGQcyyCxAuCNPGyIJInQZqaIt3l2lZJ66LiVivVxmW5djOvNI9O0Ck6Ry66QjV0h+qoiQgC9IJe0Zv1bn1YX9b3bDRnzXeO0AKsn190O6jG</latexit>

S
<latexit sha1_base64="K6v5j/x07m3zXB4If2UmKdNorgc="></latexit>

ei(Qs+Qh)

In GR, dressing involves 
<latexit sha1_base64="SV5wd8Jxj7ZrGsskXZYVeGUdRh0="></latexit>

⊋2F (n)

<latexit sha1_base64="gqp9NkIxJ2hNMqUyEI84VUds7HI="></latexit>

Qh = →
∫

F (n) a†(ωn)a(ωn) +Qh,i



<latexit sha1_base64="Io/8+zJdKT5uzwG6nWekzyy5Wt8="></latexit>

|p1p2→

Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

<latexit sha1_base64="qdY1S5/EUb5KN6iCiHHeVfbvEsA="></latexit>

→p→1p→2|
<latexit sha1_base64="6dIv3mvbL3AwUC7aVoSG/Guegzo="></latexit>

e→i(Qs+Qh)
<latexit sha1_base64="j269WNJuvXDI0v6yF0+daTgkWLs=">AAACNXicbVDLSgMxFM34rPWtuHITLIKrMiNSXUnBjUtFq6JT5U7mdhpMMkOSUcswf+FWf8NvceFO3PoLprULrR4IHM65l3tyokxwY33/1Rsbn5icmq7MVGfn5hcWl5ZXzkyaa4YtlopUX0RgUHCFLcutwItMI8hI4Hl0e9D3z+9QG56qU9vLsC0hUbzDGVgnXZ5chzEkCWp6s1Tz6/4A9C8JhqRGhji6WfbWwjhluURlmQBjrgI/s+0CtOVMYFkNc4MZsFtI8MpRBRJNuxhELummU2LaSbV7ytKB+nOjAGlMT0ZuUoLtmlGvL/7rJRqyLmcPv+4XUSRHAtnOXrvgKsstKvadp5MLalPar4nGXCOzoucIMM3dlyjrggZmXZnVUOE9S6UEFRdhHJdF2A+iZRGXpSsyGK3tLznbrgeNeuN4p9bcH1ZaIetkg2yRgOySJjkkR6RFGFHkkTyRZ+/Fe/PevY/v0TFvuLNKfsH7/AKlHaxk</latexit>

S† <latexit sha1_base64="deiL7uS7mO46s6RQ9f7Wwu9xalA=">AAACL3icbVDLSsNAFJ3UV62vVnHlJliEuimJSHUlBTcuK9gHNKHcTKbt0JlJmJmoJeQX3Opv+DXiRtz6FyZtFrb1wMDhnHu5Z44XMqq0ZX0ahbX1jc2t4nZpZ3dv/6BcOeyoIJKYtHHAAtnzQBFGBWlrqhnphZIA9xjpepPbzO8+EqloIB70NCQuh5GgQ4pBZxLUJueDctWqWzOYq8TOSRXlaA0qxrHjBzjiRGjMQKm+bYXajUFqihlJSk6kSAh4AiPST6kATpQbz8Im5lmq+OYwkOkT2pypfzdi4EpNuZdOctBjtexl4r/eSEI4pvh54X7seXwpkB5euzEVYaSJwPM8w4iZOjCzgkyfSoI1m6YEsKTpl0w8BglYpzWWHEGecMA5CD92fD+JnSyI5LGfJGmR9nJtq6RzUbcb9cb9ZbV5k1daRCfoFNWQja5QE92hFmojjMboBb2iN+Pd+DC+jO/5aMHId47QAoyfX02Fqa4=</latexit>

a(k)
<latexit sha1_base64="IG/PiR3DF+m5wLgGhg4qK4zytbs=">AAACLHicbVDLSgMxFM3UV62vVnHlZrAIrsqMSHUlBTcuW7QP6JSSydy2oUlmSDJqGeYL3Opv+DVuRNz6HWbaLmzrgcDhnHu5J8ePGFXacT6t3Nr6xuZWfruws7u3f1AsHbZUGEsCTRKyUHZ8rIBRAU1NNYNOJAFzn0HbH99mfvsRpKKheNCTCHocDwUdUIK1kRr3/WLZqThT2KvEnZMymqPeL1nHXhCSmIPQhGGluq4T6V6CpaaEQVrwYgURJmM8hK6hAnNQvWSaNLXPjBLYg1CaJ7Q9Vf9uJJgrNeG+meRYj9Syl4n/ekOJoxElzwv3E9/nS4H04LqXUBHFGgSZ5RnEzNahnbVjB1QC0WxiCCaSmi/ZZIQlJtp0WPAEPJGQcyyCxAuCNPGyIJInQZqaIt3l2lZJ66LiVivVxmW5djOvNI9O0Ck6Ry66QjV0h+qoiQgC9IJe0Zv1bn1YX9b3bDRnzXeO0AKsn190O6jG</latexit>

S
<latexit sha1_base64="K6v5j/x07m3zXB4If2UmKdNorgc="></latexit>

ei(Qs+Qh)

<latexit sha1_base64="f+dfT2HETVhfb4+DeETatLzMPcA="></latexit>

= e→iω F (n)a(k) + Schw

In GR, dressing involves 
<latexit sha1_base64="SV5wd8Jxj7ZrGsskXZYVeGUdRh0="></latexit>

⊋2F (n)

<latexit sha1_base64="gqp9NkIxJ2hNMqUyEI84VUds7HI="></latexit>

Qh = →
∫

F (n) a†(ωn)a(ωn) +Qh,i



<latexit sha1_base64="Io/8+zJdKT5uzwG6nWekzyy5Wt8="></latexit>

|p1p2→

Supertranslations
Dressed expectation value 

<latexit sha1_base64="3BiHJ+MdPe/F4Xjax8QroTo4vLw="></latexit>

→p→1p→2|S†a(k)S|p1p2↑ ↓ →p→1p→2|e↑iQsS†a(k)SeiQs |p1p2↑

<latexit sha1_base64="qdY1S5/EUb5KN6iCiHHeVfbvEsA="></latexit>

→p→1p→2|
<latexit sha1_base64="6dIv3mvbL3AwUC7aVoSG/Guegzo="></latexit>

e→i(Qs+Qh)
<latexit sha1_base64="j269WNJuvXDI0v6yF0+daTgkWLs=">AAACNXicbVDLSgMxFM34rPWtuHITLIKrMiNSXUnBjUtFq6JT5U7mdhpMMkOSUcswf+FWf8NvceFO3PoLprULrR4IHM65l3tyokxwY33/1Rsbn5icmq7MVGfn5hcWl5ZXzkyaa4YtlopUX0RgUHCFLcutwItMI8hI4Hl0e9D3z+9QG56qU9vLsC0hUbzDGVgnXZ5chzEkCWp6s1Tz6/4A9C8JhqRGhji6WfbWwjhluURlmQBjrgI/s+0CtOVMYFkNc4MZsFtI8MpRBRJNuxhELummU2LaSbV7ytKB+nOjAGlMT0ZuUoLtmlGvL/7rJRqyLmcPv+4XUSRHAtnOXrvgKsstKvadp5MLalPar4nGXCOzoucIMM3dlyjrggZmXZnVUOE9S6UEFRdhHJdF2A+iZRGXpSsyGK3tLznbrgeNeuN4p9bcH1ZaIetkg2yRgOySJjkkR6RFGFHkkTyRZ+/Fe/PevY/v0TFvuLNKfsH7/AKlHaxk</latexit>

S† <latexit sha1_base64="deiL7uS7mO46s6RQ9f7Wwu9xalA=">AAACL3icbVDLSsNAFJ3UV62vVnHlJliEuimJSHUlBTcuK9gHNKHcTKbt0JlJmJmoJeQX3Opv+DXiRtz6FyZtFrb1wMDhnHu5Z44XMqq0ZX0ahbX1jc2t4nZpZ3dv/6BcOeyoIJKYtHHAAtnzQBFGBWlrqhnphZIA9xjpepPbzO8+EqloIB70NCQuh5GgQ4pBZxLUJueDctWqWzOYq8TOSRXlaA0qxrHjBzjiRGjMQKm+bYXajUFqihlJSk6kSAh4AiPST6kATpQbz8Im5lmq+OYwkOkT2pypfzdi4EpNuZdOctBjtexl4r/eSEI4pvh54X7seXwpkB5euzEVYaSJwPM8w4iZOjCzgkyfSoI1m6YEsKTpl0w8BglYpzWWHEGecMA5CD92fD+JnSyI5LGfJGmR9nJtq6RzUbcb9cb9ZbV5k1daRCfoFNWQja5QE92hFmojjMboBb2iN+Pd+DC+jO/5aMHId47QAoyfX02Fqa4=</latexit>

a(k)
<latexit sha1_base64="IG/PiR3DF+m5wLgGhg4qK4zytbs=">AAACLHicbVDLSgMxFM3UV62vVnHlZrAIrsqMSHUlBTcuW7QP6JSSydy2oUlmSDJqGeYL3Opv+DVuRNz6HWbaLmzrgcDhnHu5J8ePGFXacT6t3Nr6xuZWfruws7u3f1AsHbZUGEsCTRKyUHZ8rIBRAU1NNYNOJAFzn0HbH99mfvsRpKKheNCTCHocDwUdUIK1kRr3/WLZqThT2KvEnZMymqPeL1nHXhCSmIPQhGGluq4T6V6CpaaEQVrwYgURJmM8hK6hAnNQvWSaNLXPjBLYg1CaJ7Q9Vf9uJJgrNeG+meRYj9Syl4n/ekOJoxElzwv3E9/nS4H04LqXUBHFGgSZ5RnEzNahnbVjB1QC0WxiCCaSmi/ZZIQlJtp0WPAEPJGQcyyCxAuCNPGyIJInQZqaIt3l2lZJ66LiVivVxmW5djOvNI9O0Ck6Ry66QjV0h+qoiQgC9IJe0Zv1bn1YX9b3bDRnzXeO0AKsn190O6jG</latexit>

S
<latexit sha1_base64="K6v5j/x07m3zXB4If2UmKdNorgc="></latexit>

ei(Qs+Qh)

<latexit sha1_base64="f+dfT2HETVhfb4+DeETatLzMPcA="></latexit>

= e→iω F (n)a(k) + Schw

Combines with            to get  
<latexit sha1_base64="VPjIgPin+Y2fSw38cgxpU2viF0M="></latexit>

e→iωu <latexit sha1_base64="FFVHNQVQ23y5V5euuw/sMJ7c20s="></latexit>

u → u+ F (n)

In GR, dressing involves 
<latexit sha1_base64="SV5wd8Jxj7ZrGsskXZYVeGUdRh0="></latexit>

⊋2F (n)

<latexit sha1_base64="gqp9NkIxJ2hNMqUyEI84VUds7HI="></latexit>

Qh = →
∫

F (n) a†(ωn)a(ωn) +Qh,i



Conclusion
One-one correspondence :

❖ BMS supertranslations of asymptotically flat spacetimes with  
compact objects 

❖ Real low-energy coherent dressings of states with  massive 
particles

Amplitudes setup: Kerr-Schild frame

Dressing also leads to shift energy-dependent shift of impact 
parameter

N

N


