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Motivation
1. Amplitudes compute classical gravitational waveforms

2. Deeper understanding of classical backgrounds with amplitudes

3. Seek new insight into QFT on a classical background

David, Giacomo yesterday



Outline
1. ABCs of quantum field theory in a background

2. Hawking’s scattering process, thermal spectrum

3. Hawking meets the double copy
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Amplitudes, Bogoliubov, Crossing
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Interacting fields 
Background: 
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f
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F ≠ 0 ⟨δf ⟩ = 0

Radiated particle
Often massless

Scalar for simplicity Interaction term
Assumed quadratic in 
Could involve derivatives

ϕ

Examples: scalar field on time-dependent spacetime

                   pair-production from intense laser (fermionic)
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Spacetime dependence: 
interesting dynamics!
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<latexit sha1_base64="WkgzimkZtatD6z0y6XtrjIZKoNw="></latexit>

→0|S†a†(k)a(k)S|0↑ =
∫

d!(p)ω→(k, p)ω(k, p)

Sufficient to compute , cross to get : full informationα β
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∫
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†(p1)M(0 ↓ p1p2)a
†(p2)

)
|0→



Hawking Scattering



Hawking Scattering
Dynamical background metric “Vaidya”

<latexit sha1_base64="U4HRiB2hpeHMbYxXs8PTv5kWzxo="></latexit>

gµω = ωµω +
2GM!(t+ r)

r
kµkω



Hawking Scattering
Dynamical background metric “Vaidya”
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Hawking Scattering
Dynamical background metric “Vaidya”
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Hawking Scattering
Dynamical background metric “Vaidya”

<latexit sha1_base64="U4HRiB2hpeHMbYxXs8PTv5kWzxo="></latexit>

gµω = ωµω +
2GM!(t+ r)

r
kµkω

Thin shell of radiation 
falling in to origin

Kerr-Schild vector
<latexit sha1_base64="LOoRbEnNUei/bqMC9MnVr9F/EJU="></latexit>

kµdx
µ = dt+ dr

 

Flat

Schwarzschild

BH

Infalling 
radiation
(classical)



<latexit sha1_base64="1AWQmUTghc53PqlCygvPOC5gNqQ="></latexit>

Iint =
1

2

∫
d4xhµωωµεωωε

Hawking Scattering
Tree

Compute at high energy (geometric optics):
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∫
dv ω(v)eip

→·b(v)(→ 4GME→ log(→v/µ)
)

<latexit sha1_base64="QAhdwUt3YnV+wjfUxq9b6g/U9R8="></latexit>

p→

Aoude, Sergola, DOC
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Hawking Scattering
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Compute at high energy (geometric optics):
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Initial state



Hawking Scattering
Iterates & exponentiates
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Hawking Scattering
Iterates & exponentiates
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Hawking Scattering
Iterates & exponentiates
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Pair Production
Crossing:

<latexit sha1_base64="vmc1wsOFo/JZl+vJn3yp0YE2sfk="></latexit><latexit sha1_base64="kwrqejYfu/2vTSVbMfiZnl7TV6c="></latexit>

ω = N
∫

dv ei(E
→→E0)ve→4iGM E→ log(→v/µ)



Pair Production
Crossing:
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|ω|2 = (factor)
1

e8ωGME→ → 1

Pair Production
Count outgoing states

Thermal distribution
<latexit sha1_base64="b9t5pUyY6c6ehSyTcJLF3UpPFLY="></latexit>

T =
1

8ωGM



Hawking meets the Double Copy

Aoude, Sergola, DOC
Ilderton, Lindved, Rajeev

Carrasco, Chen



Vaidya
Obvious Kerr-Schild single copy of Vaidya:
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Kerr-Schild vector
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Vaidya
Obvious Kerr-Schild single copy of Vaidya:

<latexit sha1_base64="U4HRiB2hpeHMbYxXs8PTv5kWzxo="></latexit>

gµω = ωµω +
2GM!(t+ r)

r
kµkω

Kerr-Schild vector
<latexit sha1_base64="LOoRbEnNUei/bqMC9MnVr9F/EJU="></latexit>

kµdx
µ = dt+ dr

Charge

<latexit sha1_base64="Rp0FOsjY1R3Th1x1PTMqMC52vQE="></latexit>

Aµ =
Q!(t+ r)

4ωr
kµ

Free

Coulomb

Infalling 
charged
radiation



 ScatteringHawking
Tree

Compute as before:
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 ScatteringHawking
Tree

Compute as before:
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 ScatteringHawking
Exponentiation as before:
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 ScatteringHawking
Exponentiation as before:

Crossing
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Comparison
Interesting to compare:

Single copy

Double copy

<latexit sha1_base64="CuliHrM8BbdrqjJhJVAiCewp/yA="></latexit>

ω = N
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Comparison
Interesting to compare:

Single copy

Double copy

Different energy dependence: additional power of momentum in GR
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|ω|2 = (factor)
1

e8ωGME→ → 1

Pair Production
Number distribution of outgoing states: not thermal

<latexit sha1_base64="iq175vqyJuLfsP0V2PHW9c0QqkE="></latexit>

|ω|2 = (factor)
1

e→4ωε → 1

in GR!

Interpretation? Bose-Einstein distribution
<latexit sha1_base64="ORgmVBisOtTbXd73zBjAc95mUZ0="></latexit>

1

eωE→ωµ → 1

Perhaps just take  with non-zero fixed βE → 0 βμ = 4πα



Thank you!
Conclusions
Bogoliubov coefficients: closely related to amplitudes

❖ Generalised amplitudes, different boundary conditions

Single copy of Hawking radiation — not thermal

Outlook
Corrections to background QFT picture?


