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Motivation

1. Amplitudes compute classical gravitational waveforms

—David, Giacomo yesterday

2. Deeper understanding of classical backgrounds with amplitudes

3. Seek new insight into QFT on a classical background



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

Aoude, Elkhidir, Ilderton, O’Connell, Rajeev
To appear soon!
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Action
I = /d4 ( G@qb) — —m w)qb2(w
Radiated particle
Often massless
Interacting fields f Scalar for simplicity Interaction term
Background: f = F + of Assumed quadratic in ¢

F#0,) =0 Could involve derivatives

Examples: scalar field on time-dependent spacetime

pair-production from intense laser (fermionic)
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Action
I /d4a:(£f +5(06) — I’ + 0(@)¢(z))

Large background:

P(f(x)) *(2)
P(F(x)) +(P'(F(@)3f (@) + )6 (x)

Assumed negligible

O(z)¢* (z)
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QFT on a background

Action
I — /d4;c(cf +1(06) — Im?¢* + O()#*(x))
Effective action: gaussian

L= [d(3(00) - dm?6? + P(P(@) ¢*(v)) .

|

Spacetime dependence:
interesting dynamics!
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Primitive processes: ¢ vacuum
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QFT on a background

Lit= [d'(309)* ~ 4 + P(F()) 6°(@)) .

Primitive processes: All orders ¢ vacuum
on background

M(p — k) = \'/ (0|a(k

O]a kl kg S’O

M(ky, ks — 0) = >‘ (0|Sa’ (ky)a' (k2)|0)




QOFT on a background

L= [4'(3(00) - 4?6 + P(P(@) ¢*(v)).

More complicated amplitudes built from primitives

\‘/
( L
@
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QFT on a background

Non-trivial S matrix, but simple

S =T exp (i/d4x O(x) : ¢ () :)
=---Ult+et)U(t,t—¢€)---

For small enough €

Ut +e.1) = exp (z /t T 0®) gbf\(a:) :)

Quadraticina, a’

BCH: S is an exponential of commutators
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Commutators: quadraticin a, a’

o e
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QFT on a background

S _ GZHBZN

Commutators: quadratic in a, a’

o e

N = /d¢(p1,p2)(f1(p1,p2)aT(p1)aT(p2) + f1(p1,p2)a(p1)a(p2)

+ fa(p1,p2)a’ (m)@(m))

-

Consistent with primitive processes

Amplitudes built from f,
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Past/future ladder operators

In Out
a,al S b, b
>
t — — o0 t — + o0

b(p) = STa(p)S
b(p) = e " a(p)e”

Commutator [a(p), N]is linearin a, a’:

b(9) = [ AB(E) (alp, Byalk) + B(p. B)al (1)
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QFT on a background

b(3) = [ dB(E) (alp, Byalk) + B(p. B)al (1)

This is the Bogoliubov relation: a, f# are Bogoliubov coefficients

(a(p, k) = (0|STa(p)

Blp. ) = (0]a(k)ST

Sat(k)|0) )

a(p)S|0) )

Generalised amplitudes

[ M(k — p) = (0]a(p)Sa’ (k)]0

Q/l(O —p, k) = <0!a(k)a(p)5\0>J

Amplitudes

Amplitudes determined from generalised amplitudes (& vice versa)
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QFT on a background

Crossing: a and f obtained from same retarded correlator

R(p1,p2) E/ LSZ(pl,$1)LSZ(Z?2,$2)@|R{¢($2)¢($1)}|®
o = 0(z2 — x1)[p(22), p(71)]




QFT on a background

Crossing: a and f obtained from same retarded correlator

Rp1.ps) = / LSZ(pl,a:l)@zgyz,@mm{gb(@m(xl)m

L1,T2 e
1e"P? x2(5’§2 + m2)




QFT on a background

Crossing: a and f obtained from same retarded correlator

(R(r.p2)= | LSZ(p1,1)LSZ(pa.2) (O[R{6(z2)0(a1) 0

L1,L2

D1, P> could be complex
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QFT on a background

Crossing: a and f obtained from same retarded correlator

R(p1,p2) E/ LSZ(p1, 21)LSZ(p2, 2) (O|R1o(22)d(21)|0)

L1,L2

When p,, p, on-shell with positive energy

R(p1,p2) = B(p2,p1)

Cross into

When p,, — p, on-shell with positive energy

one another

R(p1,p2) = da(p1,p2) — o™ (p2,p1)
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QFT on a background

Dynamics / observables given by (generalised) amplitudes:

1
(01510)

510) = (0110)exp 551 [ ABr.pe)al (G0 MO = pipe)al () ) 10

(01S"al (K)a(k)S|0) = / 48 (p) B (k, p) Bk, p)

Sufficient to compute a, cross to get f: full information
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falling in to origin

Qv QG]W@(t_I_@kMk.V

g"" =n"" A
| /

Kerr-Schild vector
k,da" = dt +dr

Infalling
radiation
(classical)




Dynamical background metric “Vaidya”

g =

Hawking Scattering

Thin shell of radiation
falling in to origin

Qv QG‘]W@(t_I_@kMk.V

T /
Kerr-Schild vector
k,da" = dt +dr

BH

Schwarzschild

Infalling
radiation
(classical)
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Tree
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Hawking Scattering

Tree

L. — % / iz 9,0,

Compute at high energy (geometric optics):

Initial state

diagram = /dv@v)eip,'b@( — AGME'log(—v/u))

Aoude, Sergola, DOC




Hawking Scattering

Iterates & exponentiates

e

_ /dv SO(U)eipf.b(v) exp ( — 4iGME"log(—v/))

Aoude, Sergola, DOC



Hawking Scattering

Iterates & exponentiates

— —

+ + éé

_ /dv SO(U)eipf.b(v) exp ( — 4iGME"log(—v/))

1
Spherical energy eigenstate |¢) = pp / dQ} |Ey, Egn)

Aoude, Sergola, DOC



Hawking Scattering

Iterates & exponentiates

— —

N :N/dv (B~ Bo)v,—4iGM E' log(—v/p)

1
Spherical energy eigenstate |¢) = pp / dQ} |Ey, Egn)

Aoude, Sergola, DOC
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Pair Production

Crossing;:

o = N/ do ?(E'—Eo)v ,—4iGM E’log(—v/p) \‘/

Crossing

6 _ N/ do ei(E’—l—Eo)ve—éliGM E’ log(—v/p) (




Pair Producton

Count outgoing states

1

eSTGME" _ ]

B]° = (factor)

Thermal distribution
1
STGM

T —



Hawking meets the Double Copy

Aoude, Sergola, DOC
Ilderton, Lindved, Rajeev
Carrasco, Chen



y/ Vaidya

Obvious Kerr-Schild single copy of Vaidya:
BH

,  2GMO(t+r), .,
— 77” | Ll Schwarzschild

T /
Kerr-Schild vector
k,dxt = dt +dr

74

g,u

Infalling
radiation
(classical)




y/ Vaidya

Obvious Kerr-Schild single copy of Vaidya:

— 2GMO(t+ 1) L
r /
Kerr-Schild vector
k,dxt = dt +dr
b — QO(t+ r) "
4mr

Charge

Free

Coulomb

Infalling
charged

/ radiation



/ Hawking Scattering

/

p

? Ling = iQ/d4x AM(¢T6M¢ — ¢au¢T)

Compute as before:

Tree

diagram = /dv p(v)et b (+ 2alog(—v/p)) o = Z—Q
-

Aoude, Sergola, DOC



/ Hawking Scattering

/

p

? Ling = iQ/d4x AM(¢T6M¢ — ¢au¢T)

Compute as before:

Tree

diagram = /dv p(v)e b (+ 2alog(—v/p)) o= i—Q
-

Compare gravity: /dv gp(v)eip,'b(”)( — AGME'log(—v/u))

Aoude, Sergola, DOC



/ Hawking Scattering
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/ Hawking Scattering

Exponentiation as before:

o = N/d?] 6i(E’—Eo)v62ia log(—v/p) \‘/

Crossing

B = N/dU e E'+Eo)v j2ialog(—v/p) '<




Comparison

Interesting to compare:

g = N/dv Li(B'+Eo)v +2ia log(—v/u) Single copy

8= N/dv (B +Eo)v o —4iGM E' log(—v/p) Double copy



Comparison

Interesting to compare:

B=N / du ¢i(E'+ Eo)vg+@ialos(—v/ 1) Single copy
6 _ ./\//dv ei(E/—I—EO)er—@GM E’ log(—v/@ Double copy

Different energy dependence: additional power of momentum in GR



Pair Producton

Number distribution of outgoing states: not thermal

1
6—47704 — 1

‘\ 1
in GR!

687TGME’ —1

|8]* = (factor)

1

Interpretation? Bose-Einstein distribution
eﬁE—B,u — 1

Perhaps just take fE — 0 with non-zero fixed fu = 4na



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?



